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The main focus of this study was an investigation of phytoplankton processes across the 
Southland Front off the South Island of New Zealand. The Southland Front is part of the 
Subtropical Convergence, a major circumglobal oceanic frontal system. A suite of 
measurements of temporal and spatial changes in hydrography, macro-nutrient levels, 
phytoplankton biomass, community structure (phytoplankton pigments) and primary 
production were undertaken between September 1996 and March 1999. Seasonal patterns of 
algal dominance and succession varied both between water masses and interannually. Despite 
. . ' 
lower macro-nutrient levels than in the water masses further offshore, neritic waters exhibited 
the greatest phytoplankton biomass (as expressed by ch~orophyll a concentrations) in all 
seasons. It became apparent that in summer phytoplankton growth in coastal waters is limited 
by nitrate and/or phosphate and by silicate in offshore waters. Subtropical and subantarctic 
waters exhibited a pronounced subsurface chlorophyll a maximum in spring and summer. The 
reasons for the formation of this feature in subtropical and tropical waters are known, but the 
mechanisms responsible in subantarctic water are not clear. Using surface primary production 
and solar irradiance measurements, water column integrated areal production was calculated 
and extrapolated to annual primary production. Primary production, particularly during the 
spring phytoplankton bloom, was then converted into macro-nutrient uptake and compared to 
the measured macro-nutrient drawdown in spring. For a finer temporal resolution, 
II).eas-llrements of changes in biomass (chlorophyll a) imd macro-nutrients over the annual 
cycle were also carried out weekly at the local beach and revealed the timing, magnitude and 
duration of the spring bloom and the associated consumption of macro-nutrients. These results 
were compared to those of the coastal stations along the Southland Front transect and proved 
useful to help with estimating annual primary production along this transect. A third study 
area included transects across the Southern Ocean between New Zealand and the Ross Sea, 
with an opportunity to study oceanic boundaries other than the Subtropical Convergence and 
in particular, apply phytoplankton pigment analysis. It was demonstrated that levels of 
phytoplankton pigments and hence the phytoplankton species composition change 
significantly when major oceanic fronts are crossed, and led to the assignment of 'pigment 
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Chapter 1 Introduction 
1.1 Overview 
There is growing concern that the earth will experience global climate change in the next 50 
to 100 years in response to enhanced atmospheric levels of greenhouse gases caused by 
human activities (Sarmiento et al., 1998). In particular there has been a marked increase in 
carbon dioxide (COz) levels in the atmosphere since pre-industrial times mainly through fossil 
fuel burning. However a significant proportion (estimated to be more than 40%) of this 
anthropogenic COz input appears to be taken up by the oceans which have also been estimated 
to store 50 times more C02 compared to the atmosphere (JGOFS, Science Plan JGOFS Report . ' 
No. 6, 1989). Any small changes in the mechanisms responsible for regulating the exchange 
of COz between atmosphere and the oceans may therefore, have a potentially dramatic effect 
on atmospheric C02 levels and hence on future climate change. 
Predictions of future climate changes using computer models require that the extent of the 
atmosphere-ocean C02 exchange be accurately known. This requires a detailed knowledge of 
how this exchange varies seasonally in the world's oceans. Until recently, there was little data 
available and this led to the establishment of the International Joint Global Ocean Flux Study 
(JGOFS) in 1987 with the two main goals (SCOR, 1987): 
1. To determine and understand on a global scale the processes controlling the time-
varying fluxes of carbon and associated biogenic elements in the ocean, and to 
evaluate the related exchanges with the atmosphere, sea floor, and continental 
boundaries. 
2. To develop a capability to predict on a global scale the response of oceanic 
biogeochemical processes to anthropogenic perturbations, in particular those related to 
climate change. 
The major physical processes determining the flux of C02 between the atmosphere and the 
ocean have been identified as ocean upwelling and downwelling (Yolk and Hoffert, 1985). 







dissolves more C02 before it sinks while at the equator, upwelling water warms and releases 
C02 due to decreased gas solubility. The flux of C02 gas across the sea surface is determined 
by the difference in partial pressures of C02 in the atmosphere and surface ocean. This 
difference is closely related to the vertical gradient of C02 concentration which is determined 
by vertical mixing in the water column and a variety of chemical and biological processes in 
the surface region. The most important of these biological processes is photosynthesis by 
phytoplankton in the lit upper ocean which leads to the conversion of dissolved C02 to 
organic compounds and oxygen (equation 1 ). 
hv 
6C02 + 6H20 ~ C6H1206 \ 602 (1) 
This carbon fixation process also known as primary prqduction is influenced by factors 
including the level of irradiance and the supply of inorganic macro-nutrients such as nitrate, 
phosphate and silicate. In temperate latitudes the annual primary production cycle is typically 
characterised by low production in winter due to lack of light; in spring the solar irradiance 
increases and leads to shoaling of the mixed layer, which in turn allows for enhanced growth 
of phytoplankton and thus increased production and a corresponding drawdown of macro-
nutrients. In summer, macro-nutrients are often depleted in the mixed layer and production is 
low, whereas production temporarily increases in autumn, due to re-supply of macro-nutrients 
caused by erosion of the stratification of the water column. This marks the beginning of 
winter deep-mixing, deepening of the mixed layer and the complete overturn of the water 
column. Much of the biological fixation of C02 into organic material is recycled in the upper 
oceanic layer back to C02 through the respiration and decay of phytoplankton and other 
marine plants and animals. However a few percent of this organic material remains and sinks 
out of the surface ocean into deeper water (Hedges, 1992). In this way it acts as a biological 
pump in that it removes carbon from the surface layer and thereby changes the C02 partial 
pressure in surface waters which is enhancing the draw-down of C02 from the atmosphere 
into the ocean (Lalli and Parsons, 1993). 
Hence in order to obtain more accurate estimates of the functioning of the oceanic carbon 
cycle and the factors influencing them, specific objectives established in the JGOFS 




1.1 To characterise the present geographical distribution of key biogeochemical properties 
and rate processes pertinent to the oceanic system, as a necessary prerequisite to 
predicting change in the system. 
1.2 To quantify factors that control how carbon moves through the water via ocean 
currents, mixing, diffusion and particle sinking. 
1.3 To determine the response of the ocean carbon system to physical and chemical 
forcing from sub-seasonal events to decadal changes. 
A series of process and survey studies were planned to collect data to meet the JGOFS 
objectives over the period from 1989- 1998. Of the oceanic regions selected for these studies, 
it was recognised that little was known about the Southern Ocean carbon biogeochemistry 
compared to e.g. that of the North Atlantic, and yet the former occupies ca. 20% of the global 
ocean and had been widely recognised as potentially playing a pivotal role in many global 
oceanic processes (JGOFS, 1992). However, the remoteness of the Southern Ocean and the 
extreme weather which exists for most of the time in inany parts of this region makes taking 




The Southern Ocean is divided into regions by of a series of circumpolar fronts and water 
masses which are shown in Figure 1.1. 
Figure 1.1 Frontal systems ofthe Southern Ocean. AD, Antarctic Divergence; APF, Antarctic 
Polar Front; SAF, Subantarctic Front; STC, Subtropical Convergence. The arrows indicate the 
direction ofthe flow. (from Longhurst, 1998). 
The most northern of these major southern oceanic circumpolar fronts is the Subtropical 
Convergence (STC, also referred to sometimes as the Subtropical Front) which separates 
subtropical (ST) and subantarctic waters (SA). It flows northwards in the vicinity of New 
Zealand along the eastern side of the South Island and in places within 20 km offshore from 
the Otago Coast where it is more commonly known as the Southland Front. This proximity to 
Dunedin suggested that unlike almost all the other sections of the STC and all the other 
Southern Ocean fronts, it would be possible to undertake measurements across the Southland 
Front at much closer time intervals than had been possible in any Southern Ocean JGOFS-
related cruises. This would result in a much fmer temporal resolution for any measurements 
which might allow episodic events such as spring algal blooms to be studied in greater detail. 
• 
5 
Accordingly, the overall aim of the present study was: 
Determine the spatial, and temporal variability of a variety of factors affecting 
phytoplankton processes along a transect from the Otago Peninsula across the 
Southland Front. 
To achieve this goal, specific objectives were proposed related to JGOFS Objectives 1.1 - 1.3, 
and these involved the determination of the spatial and temporal variability of: 
1. Levels of the major macro-nutrients: nitrate, phosphate and silicate 
2. Levels of chlorophyll a as a proxy for biomass 
3. Algal pigment signatures as indicators of phytoplankton species distribution and 
abundance 
4. Phytoplankton primary production 
A further objective was to estimate seasonal and annual primary production and the 
corresponding macro-nutrient consumption, and to compare these estimates with field 
measurements for this parameter from the stations across the Southland Front. 
In order to assist in the interpretation of the spatial and temporal variations in the above data, 
it would be necessary to first define, then characterise the variation in hydrographic properties 
of the different water masses encountered along the transect using conductivity and 
temperature measurements with depth. In spite of the proximity of the Southland Current to 
Dunedin, the minimum practical time interval possible between cruises using the University 
of Otago research vessel was no less than monthly. Even this relatively short time interval 
may not give sufficient resolution to observe short-lived events such as algal blooms. Hence 
a programme of sampling neritic surface waters off the main Dunedin open ocean beach was 
also undertaken at weekly intervals for a period of 17 months and these samples were 
analysed for macro-nutrients and chlorophyll a. 
6 
Finally in 1997, an unexpected opportunity arose for participation in two Southern Ocean 
cruises within the US-JGOFS Antarctic Environment and Southern Ocean Process Study 
(AESOPS). The aim of this program was to measure a wide variety of parameters across the 
major global frontal systems shown in Figure 1.1 and in the vicinity of the ice shelf associated 
with the Antarctic Continent. 
Surface water samples were collected along two transects from Lyttleton, New Zealand to the 
Ross Sea in autumn (Process-III cruise) and to just south of the Polar Front in spring 
(Survey-I cruise). These samples were analysed for algal pigments and the results combined 
with data for macro-nutrients and total organic carbon ,CTOC) levels and hydrographic 
measurements. This allowed for viewing some of the results for the Southland Front in the 
larger context of the South Pacific sector of the Southern O~ean. 
1.2 The Subtropical Convergence (STq 
1.2.1 The STC in the New Zealand region 
1.2.1.1 Physical Oceanography 
Oceanic circulation south ofNew Zealand is strongly controlled by bathymetry (Heath, 1981). 
Heath (1985) mapped out the general circulation of coastal currents around New Zealand 
(Figure 1.2). and showed that the STC moves northwards along the eastern coast of the South 
Island ofNew Zealand where it is referred to as the Southland Current before heading further 
east across the Chatham Rise. Burling (1961) proposed that the water mass at the boundary 
between the eastern side of the Southland Current and the Subantarctic Surface Water be 
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Figure 1.2 General circulation and position of fronts in the south-west Pacific ocean (from 
Heath, 1985). 
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Figure 1.3 Ocean currents offthe east coast ofNew Zealand as shown by Burling (1961). 
The reason for the close proximity of the Southland Front to Dunedin is the narrowness of the 
continental shelf- about 11 km in width- directly south east of the Otago Peninsula. It slopes 
steadily and uniformly down to about 180m at a distance of 18 km from shore (Jillett, 1969). 
Beyond this the continental slope drops away steeply to about 1300 m over a horizontal 
distance of only 6-8 km (Figure 1.4). 
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Figure 1.4 The continental shelf bathymetry in the Otago area (Jillett, 1969). Also shown is 
the transect used in the present study with the sampling stations D, C, B, X and A. 
The first intensive hydrographic study of the oceanic waters off the Otago Peninsula was 
carried out by Jillett (1969), who established three distinct water masses based on their 
temperature and salinity properties (summarised in Table 1.1). Moving from the coast to 
offshore, these water masses are: neritic, Southland Current (= subtropical (ST)) and 
Subantarctic (SA) Surface water. 
Table 1.1 Temperature and salinity characteristics of surface water masses off the Otago 
Peninsula (from Jillett, 1969). 
Neritic Southland Current Subantarctic 
Salinity (psu): Winter <34.5 > 34.5 <34.5 
Salinity (psu): Summer <34.6 >34.6 <34.6 
Temperature (°C): Winter < 10.0 > 9.5 < 9.5 





The boundary between two water masses is often well defined and detected as a sharp 
temperature and/or salinity gradient. The boundary between neritic and Southland Current 
water is usually less apparent ~han that between Southland Current and Subantarctic Surface 
water. The three water masses have been characterised by distinct temperature-salinity 
signatures (T-S-plots) as shown in Figure 1.5, from a study which extended out from the 
Otago Peninsula to a depth of only 120 m (Hawke and Hunter, 1992). The green coloured 
Southland Current water is easily distinguishable from the blue subantarctic water. 
9·8 
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Salinity 
Figure 1.5 Typical winter (a) and summer (b) temperature-salinity distributions of surface 
water masses off the Otago east coast. SASW: Subantarctic surface water. (from Hawke and 
Hunter, 1992). The differences between these distributions are due to (a) winter cooling and 
(b) summer warming of low salinity waters inshore. 
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Neritic water: 
Over the inner continental shelf, Southland Current water is diluted by freshwater runoff from 
the land, resulting in a coastal band of low salinity water referred to as neritic water. The chief 
origin of this freshwater inflow is the Clutha River (annual mean flow rate 570m3 s-1; Hawke 
and Hunter, 1992), located about 100 km further south, together with a lesser contribution 
from a number of other smaller rivers south of the Otago Peninsula. Hawke (1992) showed a 
lag phase between surface salinity changes in neritic waters and the discharge rates of the 
Clutha River 4-12 days previously. Murdoch et a!. (1990) confirmed that salinities in this 
coastal band were inversely related to the flow magnitude of the Clutha River. Temperatures 
are variable in neritic waters and generally higher in summ~r and lower in winter relative to 
those for adjacent water masses further offshore. This increased temperature variability results 
from both the shallow bathymetry (0-120 m) occupied by neritic waters and from seasonal 
temperature variations in freshwater runoff. 
Southland Current/Subtropical Convergence water: 
A tongue of high salinity and temperature water extending northward of the Southland and 
_ Otago coasts was reported by Bary (1959), Gamer (1961) <;md Burling (1961). Brodie (1960) 
found that drift cards released off the west coast, south oflatitude 45°S, were recovered on the 
east coast ofthe South Island. Burling (1961) suggested that the Southland Current originates 
in the southern Tasman Sea as a branch of the Tasman Current (see Figure 1.2), and flows 
around the south of Stewart Island and through Foveaux Strait. It then flows north-east 
parallel to the Otago Coast (Brodie, 1960; Heath, 1972) and then veers eastward over the 
Chatham Rise. It consists mainly of water from the Subtropical Convergence region with 
some admixing of Australasian Subantarctic water (Houtman, 1966). Heat loss during the 
passage of the Southland Current northwards results in lower temperatures than are observed 
to the south near its origin. Cooling of the Southland Current waters may also result from 
mixing at its boundary with Subantarctic water (the Southland Front), although salinity of the 
Southland Current does not appear to be correspondingly reduced (Jillett, 1969). The 
Southland Front is strongest in winter (Chiswell, 1996), i.e. the cross-front gradients of 
temperature and salinity are the greatest at this time. 
In the New Zealand region the Subtropical Convergence (STC) approximately follows the 
location ofthe 15 °C surface isotherm in summer, the 10 °C isotherm in winter, as well as the 
12 
34.7-34.8 psu surface salinity isopleth (Garner 1959). A recent remote sensing study of the 
Southland Front, using CZCS (Coastal Zone Colour Scanner) and A VHRR (Advanced Very 
High Resolution Radiometer) ~atellite imagery concluded that the mean position of the front 
follows the 500 m depth contour at the shelf edge (Shaw, 1998). Warming and dilution of 
neritic water in spring lowers its density so that it spreads seaward above the denser Southland 
Current water (Figure 1.6) from which it is separated by sharp salinity differences. At the 
same time, surface warming lowers the density of Subantarctic surface waters in spring and 
this water mass tends to move inshore over the Southland Current water (Jillett, 1969). 
Consequently, the Southland Front is obscured near the surface by weak vertical and 
horizontal temperature gradients. Below this 50-100 m thick mixed layer a sharp thermocline 
. . . . . . I . . . . 
extends offshore from the front. The strongest evidence of the front comes from temperatures 
at the 100-300 m depth stratum (Chiswell, 1996). By su~er, neritic waters are confined 
close to the coast and the Southland Current extends over most of the continental shelf (Figure 
1.6). In winter neritic waters extend over the inner shelf and the Southland Current is pushed 
to the edge of the outer shelf (Jillett, 1969; Shaw, 1998). 
SA SA sc SA 
~ Winter 
F1gure 1.6 Schematic distribution of the water masses neritic (N), Southland Current (SC) 
and subantarctic (SA) water over the Otago continental shelf in spring, summer and winter. 
Subantarctic surface water: 
Further offshore from the Southland Current in the upper 250m, salinity has been observed to 
decrease to values between 34.3 and 34.5 psu, with an accompanying decrease in 
temperatures to 6.9 °C in winter and 12 °C in summer. This is typical of circumpolar 
subantarctic water (Burling, 1961; Jillett, -I 969). Subantarctic water is driven north in the 
West Wind Drift within the circumpolar currents south ofNew Zealand (Heath, 1985) (see 
Figure 1.2). Below depths of 250 m and beyond the shelf edge, water temperatures decrease 
with increasing depth. This behaviour is characteristic of Antarctic Intermediate water 
I 
(Burling, 1961; Jillett, 1969; Heath, 1985). 
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1.2.1.2 Chemical Oceanography- macro-nutrients 
Nutrients are required by phytoplankton for growth and photosynthesis, and hence are 
important chemical factors wl).ich can influence the magnitude of primary production in the 
ocean. The most important macro-nutrients required by phytoplankton are nitrogen, 
phosphorous, and in some cases silicon. In addition to these three major elements there are 
numerous trace elements such as the micro-nutrients Fe and other transition metals, and 
Vitamin B12 that are necessary for phytoplankton growth (Lalli and Parsons, 1993). 
There have been relatively few studies undertaken on the chemical oceanography of the STC 
in the New Zealand region. Hawke (1989) carried out a ~inter and summer survey of the 
distribution of phosphate and silicate levels in Otago coastal waters. Phosphate levels 
increased with depth and distance offshore regardless ~f season, whereas silicate levels 
increased towards the coast. Summer macro-nutrient levels were depleted over the continental 
shelf, relative to winter and non-conservative, i.e. not linearly related to salinity. In winter 
silicate levels were conservative, i.e. linearly related to salinity, and phosphate levels 
approximately constant with depth in neritic and Southland Current water. Nitrate levels were 
found to be inversely linearly related to salinity both in subtropical and subantarctic water, at 
least in autumn, as reported by Butler et al. (1992) in an extensive study of the STC region 
around the south coast of the New Zealand South Island. 
The main source for phosphate has been suggested to be horizontal advection of phosphate-
rich subantarctic water rather than riverine inputs onto the shelf (Hawke, 1992). Other 
mechanisms for macro-nutrient enrichment of surface waters have been suggested, such as 
upwelling of subsurface waters, deep mixing events and processes driven by the continental 
slope (Butler et a!., 1992). All of these processes appear to be variable and sporadic with no 
sustained process being observed in the region. Hawke (1995) reported a decrease in 
dissolved silicate levels with depth on several stations on the Otago continental shelf and 
identified the Clutha River as the principal silicate source. 
A strong correlation between levels of nitrate and phosphate (N :P ratio) regardless of water 
mass and depth has been reported (Butler et al. 1992; Walls, 1995). The slope of the molar 
relationship of these two parameters was 16.4, which is consistent with the Redfield-ratio for 
these macro-nutrients (Redfield, 1934}. 
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1.2.1.3 Biological Oceanography 
The level of chlorophyll a in the ocean is often used as a proxy for phytoplankton biomass 
which is also referred to as .Phytoplankton standing stock (Yentsch and Menzel, 1963). 
·' 
Phytoplankton stocks represent the balance between increases in phytoplankton biomass 
(primary production) and loss processes such as sinking and grazing by zooplankton (Frost, 
1991). Accumulation of biomass occurs when algal growth exceeds loss factors, and is also 
dependent on specific physical and chemical environmental conditions. For example in 
spring, phytoplankton biomass often increases rapidly over a short period of time as soon as 
solar irradiance passes a certain "threshold", and leads to a significant drawdown of the high 
winter reserve macro-nutrient levels. This is typically referred to as the spring bloom. 
Vincent et al. (1991) surveyed the biological properties of water masses around the South 
Island of New Zealand and observed that the stratification in subantarctic water was notably 
weaker and the chlorophyll a content about 3-fold lower than in subtropical (and 
hence Southland Current) water. There was little correlation between the levels of chlorophyll 
a and the levels of any of the macro-nutrients nitrate, phosphate and silicate, but the 
nitrate/phosphate molar ratio was inversely related to temperature. Subantarctic waters have 
been reported to be low in chlorophyll a for most of the year with concentrations of ca. 0.2-
0.4 f.tg/1 (Walls, 1995; Chang and Gall, 1998; Boyd et al., 1999). Therefore subantarctic 
waters of the Southern Ocean were termed a "High Nitrate-Low Chlorophyll (HNLC)" region 
(Banse and English, 1997). Such regions of low phytoplankton stocks despite persistently 
high concentrations of macro-nutrients have also been identified in the equatorial and 
subarctic Pacific. There is considerable evidence that phytoplankton growth is limited by iron 
availability in these regions (Wells et al., 1995; Hutchins and Bruland, 1998). 
Enhanced chlorophyll a levels detected by remote sensing imagery (CZCS) has been observed 
within the Subtropical Convergence, indicating increased biological activity, which was 
attributed to macro-nutrient enrichment of surface waters by horizontal advection and 
upwelling (Butler et al., 1992). A comprehensive study of partitioning of phytoplankton 
biomass and primary production between size-fractions in the Subtropical Convergence 
region east of the South Island was conducted in winter and spring 1993 by Bradford-Grieve 
et al. (1997). In-vivo chlorophyll a fluorescence was found to be two-fold higher in STC 
waters than in either subtropical subantarctic water. Chlorophyll a levels consistently 
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exhibited higher values in STC than in subtropical and subantarctic waters for the winter and 
spring seasons. Smaller phytoplankton cells (< 20 J..Lm) dominated in subtropical and 
subantarctic waters while in STC water, larger cells (20-200 J..Lm) were the most abundant. 
Primary production measurements showed that the rates normalised to algal biomass differed 
very little between water masses in spring (Bradford-Grieve, 1995). 
Taxonomic phytoplankton analysis 
The abundance and species composition of phytoplankton are important parameters in marine 
ecology and are related to their macro-nutrient needs; species in low macro-nutrient areas are 
generally smaller than those in high macro-nutrient areas. 'fhe differences in macro-nutrient 
requirements influences the distribution and succession of species in the ocean. Phytoplankton 
can be enumerated by light microscopy, but this is time-cop.suming. Smaller cells, especially 
picoplankton (0.2-2 J..Lm in size) are significant contributors to the productivity of oceanic 
waters (Chavez et a!., 1990), yet they are difficult to identify since their lack of 
taxonomically-useful external morphological features. In addition, many algal groups such as 
nanoflagellates are very fragile and often do not survive sample preservation.-(Gieske and 
Kraay, 1983). Phytoplankton studies undertaken in the STC region east of New Zealand 
mainly yielded only a simple division into diatoms, dinoflagellates and nanoplankton (i.e. any 
species < 20 J..Lm) by using a light microscope ashore (Bradford-Grieve et a!., 1997). Most 
recently however, Chang and Gall (1998) have identified a number of different diatom, 
dinoflagellate and nanoflagellate species in this region. 
Identification and quantification of phytoplankton is often assisted by analysis of 
photosynthetic and photoprotective pigments (Jeffrey eta!., 1997). Several of these pigments 
(the so-called 'marker' pigments) are restricted to one or two taxa and can be used as 
indicators. The use of marker pigments in the identification of phytoplankton classes in sea-
and freshwater has increased in the past 15 years, mainly due to the development of high-
performance liquid chromatography (HPLC) analytical techniques. Analysis of phytoplankton 
using pigments concentrations has generally been qualitative (Jeffrey and Hallegraeff, 1987; 
Gieske and K.ray 1986; Klein and Soumia, 1987), but more recently there have been attempts 
to quantitatively estimate the abundances of various phytoplankton classes from marker 
pigment concentrations (Burna et a!., 1990; Bidigare and Ondrusek, 1996; Mackey et a!., 
1996; Peeken, 1997; Cailliau et ql., .1997). 
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Phytoplankton groups and their pigments 
The most important marine phytoplankton and chemotaxonomic useful pigments shall be 
briefly introduced (Lalli and f>arsons, 1993; Jeffrey et al., 1997) and are tabulated in Table 
1.2. Regarding the assignment of phytoplankton groups to certain 'diagnostic' marker 
pigments, it should be noted that these markers are not always exclusively contained in only 
one phytoplankton group. For example, fucoxanthin, typically a diatom marker, also occurs in 
some prymnesiophyte species, and the prymnesiophyte pigment 19' -hexanoyloxyfucoxanthin 
in a few dinoflagellates (Karlson et al., 1996). 
Table 1.2 Phytoplankton groups and their respective marker pigments (from Anderson et al., . 
1996). 
Phytoplankton Group Major ,Diagnostic Marker Pigments 
Dinoflagellates peridinin 
Prymnesiophytes 19' -hexanoyloxyfucoxanthin 
Diatoms fucoxanthin + diadinoxanthin 
Chrysophytes fucoxanthin + violaxanthin 
Cryptophytes alloxan thin 
'Green algae' (chlorophytes + prasinophytes) chlorophyll b, lutein 
Grazed phytoplankton; faecal pellets phaeophytin a 
------·-·-
A major phytoplankton group are the silica-walled diatoms, which account for up to 10,000 
living species and are ubiquitous throughout the world's oceans (Jeffrey et al., 1997). 
Diatoms are unicellular, with cell size generally ranging from 5-200 !liD, and some species 
form larger chains or other aggregates. Major pigments contained are fucoxanthin, 
diadinoxanthin and diatoxanthin, whose molecular structures are shown in Figures 1.7-9. All 
these pigments are carotenoids and their structure is derived from ~-carotene (Figure 1.1 0). 









Figure 1.8 Diadinoxanthin 
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Figure 1.9 Diatoxanthin 
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Figure 1.10 ~-Carotene 
Another major phytoplankton group are the dinoflagellates, which possess two flagella, or 
whiplike appendages, · and are therefore motile. Dinoflagellate species are subdivided 
according to which source of energy they utilise. Some are strictly autotrophic, obtaining all 
their energy from photosynthesis. Other species are heterotrophic; that is, they obtain their 
energy needs by grazing on other plankton. Certain dinoflagellates are capable of both 
autotrophic and heterotrophic modes of nutrition and are called mixotrophic. Dinoflagellate 
blooms can cause the so-called 'red tides', which often contain potent toxins (hence the term 
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Figure 1.11 Peridinin 
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Thirdly, there are several groups of smaller phytoplankton, or nanoplankton (< 20 !J.m) 
(Sieburth eta!., 1978). Prymnesiophytes, more commonly known as coccolithophorids, are a 
prominent unicellular class, yvhich are easily recognised by their external shell that is 
composed of a large number of calcareous plates called coccoliths. Coccolithophorids are 
known to form extensive blooms in the open ocean (Balch et a!., 1989). Prymnesiophytes 











Figure 1.12 19' -hexanoyloxyfucoxanthin 
OH 
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Another nanoplankton class are the chrysophytes, or golden-brown algae, with 
silicoflagellates as its best known marine form. These uniflagellate species contain an internal 
skeleton formed of siliceous tubular elements. They form a significant biomass in temperate 




Figure 1.13 Violaxanthin 
Cryptophytes, commonly known as cryptomonads, are a group of mostly photosynthetic 
nanoplanktonic flagellates and are common in marine, freshwater and estuarine habitats. They 
are recognised by the presence of the specific cryptomonad carotenoid, alloxanthin (molecule 
structure not shown). 
Green algae are mainly comprised of chlorophytes and prasinophytes. The importance of 
• 
these small green flagellates within the oceanic phytoplankton community is now well 
""> 
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established from pigment analyses, i.e. the presence of their marker pigments, chlorophyll b 
(molecule structure not shown) and lutein (Figure 1.14). The naked flagellates of the 
chlorophytes are otherwise not easily identified in field samples, whereas the prasinophytes 
can be recognised in the electron microscope from their scale patterns. Some chlorophyte 
species are easy to cultivate and have been commercialised for various purposes, e.g. several 
thousand tonnes of the edible Chiarella are grown each year as a health food supplement. 
··' 
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Figure 1.14 Lutein 
The smallest species of phytoplankton belong to the cyanobacteria, also known as blue-green 
algae, whose size ranges generally below 2 ~m. They are therefore classified as picoplankton 
and are capable of utilising and fixing dissolved gaseous nitrogen (N2), unlike other 
phytoplankton which can only utilise combined forms of nitrogen such as nitrate, nitrite and 
ammonia (Jeffrey et al., 1997). Their mark.er pigment is zeaxanthin (molecule structure not 
shown). 
Zeaxanthin, violaxanthin and ~-carotene are examples of photoprotective carotenoid pigments 
and hence their concentrations are highest close to the sea surface. In contrast to that, light-
harvesting pigments such as chlorophyll b, fucoxanthin and 19' -hexanoyloxyfucoxanthin 
usually display subsurface maxima, often near the base of the photic zone (Andersen et al., 
1996). 
Previous pigment studies in New Zealand waters 
In the New Zealand part of the STC, phytoplankton pigments have been studied in the vicinity 
of the Chatham Rise (Chang and Gall, 1998; Nodder and Gall, 1998). In winter and spring 
fucoxanthin (a major diatom pigment) was detected in all of the three water types subtropical, 
STC and subantarctic, but levels were greatest in the STC and lowest in the subantarctic 
waters. In subtropical and subantarctic waters, 19'-hexanoyloxyfu.coxanthin, 19'-butanoyl-
















chrysophytes, made up the bulk of photosynthetic pigments detected. Chlorophyll b, 
indicative of "green algae", alloxanthin (cryptophytes) and lutein/zeaxanthin (cyanobacteria) 
accounted for a small proportion of the total pigments in all three water types of the region. 
Peridinin (dinoflagellates) concentrations were highest in subtropical waters, but did not 
correlate with total dinoflagellate cell carbon as some of the observed dinoflagellates were 
heterotrophic species which do not contain photosynthetic pigments. Figure 1.15 shows 
satellite imagery of chlorophyll a levels in the waters surrounding New Zealand and thereby 
depicts areas of enhanced biological production such as coastal waters, the STC and the 
Southland Front. 
Figure 1.15 CZCS (Coastal Zone Colour Scanner) image ofNew Zealand and its surrounding 
waters, showing surface water chlorophyll a levels (blue = lowest chi a; red= highest chi a). 
-., .,, 
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1.2.2 The STC in other parts of the Southern Ocean 
The Subtropical Convergence has been extensively studied in the Atlantic Ocean immediately 
south of the African continen~ (e.g. Lutjeharms and Valentine, 1984). It is located at a mean 
latitude of 42 °S at the sea surface, with a temperature change from 17.9 °C in the north to 
10.6 °C in the south, and extends over a width of 225 km. Thus, south of Africa the STC is 
not nearly as narrow as off the Otago coast, South Island ofNew Zealand, and may therefore 
be regarded more correctly as a Subtropical Frontal Zone. South of Africa the flow of the 
water masses separated by the STC is not forced by coastal bathymetry as in Otago, where it 
follows the shelf-break. Instead it is an open ocean feature away from the continental shelf 
and can be identified even by surface temperature measure11;1ents. It has also been observed to 
occasionally merge with the Agulhas Front, which is usually found at latitudes about 1 o 
further north of the STC. Whenever this occurs, the mean, temperature of the STC has been 
observed to increase (Lutjeharms and Valentine, 1984). 
Phytoplankton blooms with chlorophyll a levels exceeding 3 Jlg/l were observed in this part 
of the STC south of Africa in early summer (Laubscher et al., 1993). These blooms had high 
primary production rates and were dominated by cells > 20 Jlm. By late summer (February) 
smaller nanoplankton dominated the phytoplankton community. In general, the STC marks 
the southern limit of many warm-water phytoplankton species. When crossing the front from 
north to south into subantarctic water, nitrate levels exhibited a 3-fold increase and phosphate 
levels a 2-fold increase, while silicate showed no clear trend. These findings are in sharp 
contrast to the previous studies of New Zealand STC waters outlined above. 
The STC south of Tasmania, Australia (44°S, 146°E) is well marked by a distinct temperature 
and salinity front 65 km wide at about 46.5 °S (Furuya et al., 1986). The concentrations of 
nitrate, phosphate and silicate all increase from north to south across the front. Levels of 
chlorophyll a were observed to be low in summer (early January) at 0.6 Jlg/1 and decreased to 
only 0.1 Jlg/1 in late January with diatoms dominating the phytoplankton population (Furuya 
et al., 1986). 
Near the south-eastern coast of Brazil the northern limit of the STC was observed to fluctuate 
between 30 °S in winter and 46 °S in, summer (Ciotti et al., 1995). Here the convergence is 
;.. 
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formed by the southward flowing Brazil Current, transporting very warm, high saline tropical 
water, and the coastal branch of the northward flowing Malvinas (Falkland) Current, 
transporting colder, low saline $Ubantarctic water (Seeliger et al., 1997). Tropical water in this 
.• 
region of the STC has very low average dissolved macro-nutrient concentrations, while the 
macro-nutrient-rich subantarctic water often reaches inshore to mid-shelf regions and· drives 
the primary production over the shelf, especially in winter. Chlorophyll a and primary 
production rates are consequently highest in late winter and spring. Nanoflagellates dominate 
the subantarctic water, while diatoms and dinoflagellates are the most common phytoplankton 
groups in the tropical water (Ciotti et al., 1995). 
· These differences between the regions highlight the lack ofphysical, chemicaf and biological 
uniformity of the STC as it circulates globally within the. Southern Ocean. The changes in 
biological properties in the STC with longitude have been attributed to differing ecosystem 
structures and functioning such as phytoplankton size partitioning and zooplankton predation 
(Bradford-Grieve et al., 1999). 
1.3 Dunedin neritic water (Otago coast) . 
The coastal waters around Dunedin have not been surveyed before with respect to macro-
nutrients and phytoplankton stocks, and were subject to regular monitoring at least once 
weekly from 1 August 1996 until 31 December 1997. Two sites, Middle Beach and Lawyers 
Head (see Figure 1.16) were selected to investigate the seasonal variability of the macro-
nutrients nitrate, dissolved reactive phosphate and silicate, and of chlorophyll a as an indicator 
of algal biomass. Middle Beach represents relatively unperturbed coastal water, whereas 
Lawyers Head is in close proximity to the effluent of the Dunedin sewage wastewater 
treatment plant at Tahuna. The site at Lawyers Head was chosen in order to assess whether 
there was any correlation between high chlorophyll levels at Middle Beach and sewage 

















1.3.1 Physical structure 
As already described in Sect~ on 1.2.1.1, the neritic water over the inner continental shelf 
consists of Southland Current water and riverine freshwater runoff from the land, which 
results in reduced surface salinities. The variability in temperature shows a more pronounced 
seasonal signal compared to the water masses further offshore (Jillett, 1969). 
Figure 1.16 South Dunedin beaches, the sampling sites at Middle Beach (MB) and Lawyers 
Head (LH), and the location of the wastewater treatment plant (WTP). 
The near-surface suspended and dissolved matter such as sediments, terrigenous material and 
yellow substance derived from river outflows along the Otago coast is visible in Landsat and 
CZCS satellite images as a discoloured near-shore zone (Murdoch et a/., 1990). These river 
plumes mark the extent of surface dilution of seawater with freshwater within neritic waters 
and indicate the displacement of these ~iluted waters by currents over several tidal cycles. 
'~ ' 
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1.3.2 Macro-nutrients and algal blooms 
In recent years phytoplankton blooms in coastal areas such as estuaries, fjords, natural 
harbours and along sandy/ro~ky beaches have been observed with increasing frequency 
(Jickells, 1998). There is evidence that the loads of the essential phytoplankton macro-
nutrients such as phosphate and nitrate to many shallow coastal ecosystems are increasing, 
and that such enrichment will stimulate the growth of phytoplankton (V ant, 1997). While the 
upwelling of macro-nutrient-rich oceanic bottom water can be important in certain coastal 
areas (e.g. south-west of Ireland; Raine and McMahon, 1998), the source for these elevated 
levels of nitrate and phosphate is usually terrestrial, e.g. rivers and streams draining 
intensively farmed catchments, and discharges from municipal sewage wastewater treatment 
• .• I • 
plants (Jickells, 1998). This influx of macro-nutrients, however, is commonly modified by a 
number of physical and biological factors such as tida~ flushing, which may limit the 
development of a phytoplankton bloom, and resuspension of bottom sediments causing 
turbidity in the water that may result in underwater light levels being too low for rapid 
phytoplankton growth. 
The consequences of phytoplankton blooms include: fish kills, oxygen depletion caused by 
the eventual decay of the large biomass, production of surface foams and poor water clarity 
(Vant, 1997). Most notably, however, are toxic algal blooms that occurred in New Zealand for 
the first time in 1989 and quickly spread around its entire coastline. This lead to the closure of 
shell-fishing areas because the algae, the dinoflagellate Alexandrium minutum, had made the 
shellfish toxic. 
In New Zealand, coastal phytoplankton blooms have been monitored in the Manukau 
Harbour, a sizeable embayment on the North Island close to Auckland (Vant, 1997). The local 
wastewater treatment plant discharges high concentrations of nitrate and phosphate into the 
harbour which is thought to cause major blooms in late summer (February/March) (Vant, 
1997). The blooms consisted of unusually large, chain forming diatoms (1-2 mm), are non-
toxic and mainly consumed nitrate; phosphate concentrations remained high throughout the 
bloom (Vant and Safi, 1996). In another study in the Marlborough Sounds, a remote fjord-like 
region intensively used for aquaculture, phytoplankton growth appeared to be controlled by 
the availability of nitrogen in summer and by incident surface irradiance in winter with the 
highest chlorophyll a levels (2-6 ~M) recorded in winter (Gibbs and Vant, 1997). 
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1.4. Southern Ocean 
1.4.1 Physical OceanographY,: water masses and frontal systems 
The Southern Ocean is unique in having no continental barrier to continuous wind-driven 
flow eastwards around the globe. Only the Drake Passage between the southern tip of South 
America and the Antarctic Peninsula constrains this flow, forcing the components of the 
circumglobal current structure closer together but not eliminating them. The lack of land 
barriers permits strong westerly winds to build up a fully developed wind field and waves 
having higher mean height than anywhere else in the world; this is the roughest part of the 
global oceans (Longhurst et al., 1998). One of the most characteristic features of the Southern 
Ocean is a series of circuinpolar frontal systems with intervening zones which have 
distinctive physical, chemical and biological activities. The surface temperature and salinity 
characteristics of these fronts and zones are summarised in Table 1.3. 
Table 1.3 Temperature and salinity characteristics of water masses and fronts in the south-
west Pacific sector of the Southern Ocean. 
Water mass I Front Temperature Salinity Reference 
(oC) (psu) 
Subtropical (ST) > 12 >34.6 Jillett, 1969 
Subtropical Convergence (STC) 12 34.6 Jillett, 1969 
Subantarctic (SA) < 12 <34.6 Jillett, 1969 
Subantarctic Front (SAF) 8 34.5 Orsi et a!., 1995 
Polar <8 <34.5 Orsi et al., 1995 
Antarctic Polar Front (APF) 2 34.0 Belkin and Gordon, 1996 
Antarctic Circumpolar Current (ACC) <2 33.8 Orsi et al., 1995 
Antarctic Divergence (AD) 0 34.0 Orsi et a!., 1995 
Ross Sea <0 < 34.0 Orsi eta!., 1995 
The most northern front is the Subtropical Convergence (STC) (see Figures 1.1 and 1.17), 
which separates the warm high-salinity subtropical and colder low-salinity subantarctic water 
(see Chapter 1.2 for more details). Moving further south, the Subantarctic Front (SAF) lies 
between subantarctic waters to the north and polar waters to the south and is characterised by 
I 




water north of the SAF is referred to as Australasian Subantarctic Water and the water to the 
south of it is called Circumpolar Subantarctic Water (Heath, 1985). The location of the 
Antarctic Polar Front (APF) at ca. 55-60°S has been defined as where the surface water 
·' 
temperature falls below 2°C (Belkin and Gordon, 1996). The APF also delineates the 
northern boundary ofthe Antarctic Circumpolar Current (ACC), which is a unique global link 













Figure 1.17 Characteristic water masses and fronts of the Southern Ocean (from Lutjeharrns, 
1985). Open arrows indicate lateral movement; solid arrows infer vertical movement. 
Antarctic Bottom Water is formed e.g. in the Ross Sea by sinking of high density shelf water, 
and flows northwards into the Pacific Ocean. Antarctic Intermediate Water forms at the APF 
and also flows north, mixing with deep waters and surface waters. 
The southern limit of the ACC is defined by the Antarctic Divergence (AD) at about 65°S, 
which is the boundary between eastward flow in the ACC and westward flow close to the 
Antarctic coast. The Ross Sea is a shallow embayment (200-500 m deep) within the Antarctic 
continent and is partially covered by the permanent Ross ice shelf. It completely freezes over 
with pack-ice in the Austral winter. 
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1.4.2 Chemical and biological oceanography 
The observation and approximate location of major circumpolar fronts and intervening zones 
in this New Zealand-Ross Sea sector of the Southern Ocean have been noted in previous 
.• 
hydrographic studies (eg. Gamer, 1958; Burling ,1961; Houtman, 1967; Johnson, 1972; Nasu 
and Morita, 1972, Heath, 1981; Vincent et a!. 1991), but there appear to have been few 
biogeochemical studies undertaken in this sector. A study of the phytoplankton distribution 
based on pigment analysis in the Ross Sea has been reported by DiTullio and Smith (1996). 
However no similar studies have been reported across the fronts and within the interfrontal 
zones in this South Pacific sector as opposed to the many studies reported for the South 
Atlantic sector ( eg. Whitehouse et a!., 1996 and references therein), Weddell Sea region ( eg. 
·Burna et a!., 1992) and the Indian Ocean sector (eg. Cailliau et a!., 1997 and references 
therein). The only previous report of phytoplankton species. distribution for this sector appears 
to be one based on microscopic analysis of a small number of water samples collected and 
stored during a 3 day cruise in December 1956 (Cassie, 1960). The location of the present 
study area is shown in Figure 1.18 and includes transects from Christchurch, New Zealand to 
the Ross Sea during the Process-III cruise in April/May 1997 and to the Antarctic Polar Front 




















Figure 1.18 Survey-I and Process-III transects from New Zealand to the Antarctic Polar Front 
and Ross Sea. Numbers along transects mark sampling sites at oceanic fronts (SAF, APF). 





Chapter 2 Materials and Methods 
2.1. Field work 
This Section describes the field work in the three study areas: the Southland Front (2.1.1 ), the 
Dunedin open ocean beach (2.1.2), and the Southern Ocean (2.1.3). 
2.1.1. Otago Coast transect across the Southland Front 
The transect used in the present study (Figure 1.4) was first used by Jillett (1969) in an intensive 
study of Otago coastal waters, and in a number of later studies (e.g. Walls, 1995). The advantage 
of this transect is that it follows a relatively gentle vertical gradient (700 m decrease in depth over 
16 km) from the New Zealand continental shelf to the deep·ocean and avoids the steep canyons 
(700 m in 9-10 km) immediately north and south of it. The localised physical forcing of those 
canyons could result in non-representative data (Jillett, 1969). Five stations (Table 2.1) were 
selected along the transect (Figure 1.4) in order to have at least one station in each of the water 
masses labelled as neritic, subtropical and subantarctic water. 
Table 2.1 Geographical position, depths and respective water masses of the sampling stations 
along the Otago coast-Southland Front transect. 
Station Station coordinates Distance south- Water mass Depth 
Latitude Longitude east from T aiaroa 
South East Head 
D 45°47.5 170°52.8 6.5 nm a (11.7 km) Neritic 60m 
c 45°48.1 171°01.0 12.0 nm (21.6 km) Neritic/subtropical 120m 
B 45°48.8 171°07.8 14.4 nm (25.9 km) Subtropical 300m 
X 45°49.2 171°13.0 18.8 nm (33.8 km) Subtropical/subantarctic 600m 
A 45°49.5 171°16.4 23.1 nm (41.6 km) Subantarctic 850m 




The station names D, C, Band A and their geographic locations were adopted from Walls, 1995, 
and, additionally, station X at 600 m depth was introduced between A and B for better coverage 
of the shelf edge. The coordinates, their depths and distances from Taiaroa Head and the 
respective water mass(es) sampled at each station are given in Table 2.1. Hydrographic 
measurements and water sample collection were carried out from the University of Otago 
research vessel RIV Munida. To obtain two annual biogeochemical cycles, cruises were 
undertaken at least two monthly over 2 ~ years (Table 2.2). On several occasions sampling was 
not possible (see Appendix 7.2) because of unfavourable weather or the unavailability of 
essential equipment such as the CTD-profiler. 
Table 2.2 Sampling dates (1996-1999) and seasons for the tqmsect across the Southland Front. 
Sampling date Season 
14 August 1996 a Winter 
24 September 1996 Spring 
24 October 1996 Spring 
25 November 1996 Spring-Summer 
27 January 1997 Summer 
6 March 1997 Autumn 
21 July 1997 ° Winter 
9 October 1997 Spring 
9 December 1997 Spring-Summer 
19 February 1998 Summer 
8 April1998 Autumn 
17 June 1998 Winter 
2 November 1998° Spring 
10 February 1999 ° Summer 
16 March 1999 ° Autumn 
-·--
a stations B, X and A were not sampled. 




CTD - physical data 
At stations D, C, B, X, and A <l sampling rosette (General Oceanics Inc., USA) was deployed. 
The rosette had eight Niskin-bottles (5 1) and a Seabird-SBE-19 CTD-profiler (CTD = 
Conductivity Temperature Depth) mounted. This CTD supplied vertical real-time data which was 
monitored and logged using an on-board computer. The following parameters were measured: 
temperature, conductivity, pressure, dissolved oxygen and chlorophyll a. Salinity was calculated 
from conductivity, depth from the pressure, and density (cr-t) from the conductivity and 
temperature in data post processing using Seabird Seasoft software. At selected depths, Niskin-
bottles were "fired" by an electronic signal sent from the de9k unit (General Oceanics) down a 
co-axial cable connected to the sampling rosette which caused both lids of the Niskin to shut and 
capture a water sample inside. 
The sampling depths shown in Table 2.3 were selected to obtain adequate coverage of the mixed 
layer (upper 100 m), whereas below 100 m, wider sampling intervals of 100 - 200m were 
sufficient as the seasonal variability e.g. for macro._nutrients at those depths was expected to be 
less significant than close to the surface. 
Table 2.3 Standard sampling depths at stations D, C, B, X and A. 
Station Sampling depths (m) 
D 0, 10, 30, 60 
c 0, 10, 30, 60, 120 
B 0, 10,20,50,100,200,300 
X 0, 10,20,50,100,200,400,500 
A 0, 10,20,50,100,200,400,500 
From December 1997 until March 1999, the Seabird-SBE-19 CTD (Serial No. 2267) equipped 
with an in-situ fluorometer, was deployed to a maximum depth of 500 m. Previously (14 August 
1996- 9 October 1997) an older model Seabird-SBE-19 CTD (Serial No. 1469) without an in-
situ fluorometer had to be used. A greater maximum deployment depth for this unit enabled 
stations X and A to be sampled to 600 m depth. 
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Macro-nutrient sampling 
For the analysis of nitrite, nitrate, phosphate and silicate levels, 100 ml samples from each depth 
were drawn from a Niskin bottle into an acid-cleaned (1 0 % HCl) 100 ml polyethylene bottle and 
subsequently vacuum-filtered (ca. 100 mm Hg) through 47 mm diameter GF/C filter paper 
(nominal pore size 1.2 f.liD). Two 25 ml filtered sub-samples were then stored at 4°C on ice in a 
thermally-insulated container during the cruise and then stored frozen at -20 oc (Aminot, 1995, 
Dore eta!., 1996) until analysis. 
Phytoplankton pigments 
Samples for pigment analysis were collected both from flowing seawater drawn from 2 m depth 
and pumped onto the deck ofthe vessel, and from a depth of 10m using the sampling rosette. By 
doing so, 10 samples were obtained per cruise, two at each station. Due to limited time for on-
board filtration of samples it was not possible to collect more samples at a wider range of depths. 
Therefore no vertical profiles for pigment concentrations could be obtained. Pre-filtration of 
samples through a 200 f.lill mesh was not undertaken to remove debris and/or zooplankton, 
because this may also exclude chain-forming diatoms (Bradford-Grieve et al., 1997). Instead 
samples were vacuum-filtered (ca. 100 mm Hg) onto 42.5 mm diameter GF/F filter paper (pore 
size 0.7 f.liD) within one hour of collection. Any visible large zooplankton were removed with 
forceps, the filter paper folded, wrapped in aluminium foil and 'snap-frozen' in liquid nitrogen. 
After the cruise samples were transferred to a -80 °C freezer for storage until analysis. 
Phytoplankton cell counts 
At each station 100 ml of seawater from 2 m depth was preserved by adding a few drops of 
Lugol's solution (1 g h and 0.6 g KI dissolved in 30 ml H20) for taxonomic phytoplankton 
identification by light microscopy. Additionally, 2litres of"live" sample were collected from the 
surface waters and kept untreated at ambient temperature in the dark until microscopical 
examination on the following day. It is easier to identify the phytoplankton in an unpreserved 
sample, because the preservation process often changes the characteristic features of certain 
species, especially of small autotrophic flagellates ( < 2 f.liD) (Jeffrey et al., 1997). On the other 




Daily primary production was determined using modifications of the original 14C uptake method 
of Steeman Nielsen (1952), according to JGOFS protocols (JGOFS, 1989; Knap et al., 1993). 
At each station 2 1 of seawater were collected from 10 m depth using the CTD rosette and 
transferred into an acid-cleaned container. From this container, four 250 rnl incubation bottles 
were initially filled to approximately 100 ml, innoculated with 5 j.lCi 14C (50 Ill of NaH14C03 
stock solution of a specific activity of 100 j.lCi/ml), and then topped up with seawater. Although 
it is recommended to fill the incubation bottles to the top before inoculation (JGOFS, 1989), the 
risk of spillage and loss of 14C due to the motion of the vessel was minimised by using this 
procedure. One of the bottles had been previously wrapped with black tape and, to ensure no light 
penetration, was additionally wrapped in one layer of aluminium foil after inoculation. This "dark 
bottle" was used to measure the background dark uptake without light and the uptake by 
heterotrophic bacteria (Thingstad et al., 1998). The bottles were then placed in the on-deck 
incubator, (a large open perspex box) which was continuously flushed with surface seawater from 
the deck hose to maintain the ambient temperature of the samples. The surface seawater 
temperature varies as fronts between different water masses are crossed along the transect, but 
these temperature changes could not be avoided during the incubation. To exactly simulate the 
original temperature of the water from which a specific sample was taken, one would need 
separate incubators equipped with thermostats. 
The incubator was covered by one layer of neutral density shade-cloth to simulate the mean light 
level at 10 m depth, i.e. about 30-50% penetration of surface light (Pfannkuche, 1998). Light 
attenuation varies between different water masses due to their varying particle and organic matter 
content (Kirk, 1994). However it was not possible to incubate samples from different water 
masses separately by simulating the specific attenuated light they had naturally been exposed to 
in-vivo. Table 2.4 shows the time of the day when incubation commenced for each station. All 
samples were incubated until the end ofthe cruise at ca. 17:00 h. 
-· 
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Table 2.4 Incubation times and the duration of the incubation for each station. 
Station Start (h:min) End (h:min) Duration (h) 
D 10:30 17:00 6.50 
c 11:30 17:00 5.50 
B 12:15 17:00 4.75 
X 13:00 17:00 4.00 
A 13:45 17:00 3.25 
Just before arrival onshore, a thermally-insulated container was half-filled with surface seawater 
and the incubation bottles put into it in order to transport them to the laboratory with minimal 
temperature change. 
Photosynthetically active radiation (PAR) 
Incident PAR (wavelength 'A= 400-700 nm) was measured throughout each sampling cruise with 
a light sensor (Quantum, LiCor, USA) in a non':"shaded place such as the vessel superstructure 
above the main cabin. The sensor was connected to a LI-1000 DataLogger (LiCor, USA) 
programmed to record an integrated reading every five minutes. Units for PAR are J-Lmol quanta 
-2 -1 m s . 
2.1.2. Seasonality in surface water properties (Dunedin beaches) 
From August 1, 1996 to December 31, 1997 a seawater sample was collected in a 5 1 
polyethylene container at Middle Beach, Dunedin ca. every 7 days, at high tide whenever 
possible. Additionally, from September 7, 1997 to December 31, 1997 samples were also 
collected weekly from Lawyers Head (Figure 1.16). On return to the laboratory, 100 ml aliquots 
were filtered through 47 mm diameter Whatman GF/C glass fibre filters (pore size 1.2 Jlm) and 
kept frozen at -20°C until subsequent macro-nutrient analysis. For determination of the 
chlorophyll a concentration, 1-3 litres were filtered through GF/C (pore size 1.2 J-Lm) filter papers 
under a vacuum of ca. 100 mm Hg. The filtered volume of seawater was recorded and the filter 
paper containing the particulate material was wrapped in aluminium foil to protect the light-
sensitive pigments, and stored at -20°C in the dark until analysis. In 1996, samples from 
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Middle Beach were analysed for nitrate and phosphate levels. The determination of the levels of 
nitrate was undertaken at regular intervals for samples from both sites throughout 1997, whereas 
phosphate analysis only began on Julian Day 122 of 1997 due to technical problems associated 
·' 
with the analytical procedure. Silicate analysis also only started at this latter time on Julian Day 
122 of 1997 and was continued until the end of 1997. 
2.1.3. Phytoplankton pigments and Total Organic Carbon (TOC) sampling in the 
Southern Ocean 
Phytoplankton pigment samples were collected during two Southern Ocean- Joint Global Ocean 
Flux Study (SO-JGOFS) cruises: Process-III of R.V. IB Nathaniel B. Palmer from 4 April to 11 
' 
May 1997 and the Antarctic Polar Frontal Zone (APFZ) Spring Survey-I of R.V: Roger Revelle 
from 20 October to 24 November 1997. The respective transects were from Lyttleton, New 
Zealand (43°56'S, 173°33'E) to the Ross Sea (71°S, 175°33'E) for the Process-III cruise and 
from Lyttleton to the Polar Front (62°19'S, 170°W) for the Survey-! cruise (see cruise tracks in 
Figure 1.19). The research vessels could not stop during these transects and so only surface water 
samples were collected about every one degree of latitude using the vessel's underway water 
intake system at 8 m depth. Between 4 1 (coastal water) and 10 1 (open ocean) of seawater were 
filtered through 42.5 mrn diameter GF/F filter paper (pore size 0.7 ~-tm) and kept frozen at -80 °C 
until analysis by HPLC after the cruise. At the same time as samples for pigment analysis were 
taken, 100 ml samples were collected from the same source in pre-com busted glass bottles for 
Total Organic Carbon (TOC) analysis. To remove the inorganic carbon components, the samples 
were immediately acidified with 50% H3P04 and stored at 4 oc until shipboard analysis (Peltzer 
and Brewer, 1993). 
l' 
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2.2 Sample analysis 
·' 
2.2.1. Phytoplankton pigments 
2.2.1.1. Method development 
Frozen filter papers containing the pigment samples were cut into small pieces (Suzuki et al., 
1997) under subdued light and 3 ml of HPLC-grade acetone per sample added. It was assumed 
that all filter papers contained the same amount of (frozen) water which will yield a consistent 
sample volume after adding the exact volume of acetone. To disrupt the algal cell walls the 
. ' 
extracts were sonicated for 30 sec, sealed with Parafilm to minimise solvent evaporation and left 
to extract for 12-24 hat -20 oc in the dark. The samples were then homogenised by vortexing for 
10 sec, filtered through 1 em Nalgene GF/F filters, and kept at -20 oc in the dark until HPLC 
analysis within 12 h. 
Phytoplankton pigments were analysed on a Shimadzu SCL-6A HPLC system with a SPD-6A V 
UV-VIS spectrophotometric detector, a Hitachi F-1050 fluorescence detector·and using 
Powerchrom integration software. An Alltech Econospere reverse-phase ODS C18 5 Jlm 
(4.6x150 mm) column and HPLC-grade solvents (Merck) were used. Solvent A consisted of 5% 
ion-pairing solution, 25% water, 20% acetone and 50% acetonitrile, and solvent B of 50% 
acetone and 50% acetonitrile (Kohata et a!., 1991). The ion-pairing solution consisted of 
tettabutylammonium hydroxide (3 ml of a 40% (w/v) solution in water) and 7.7 g ammonium 
acetate made up to 100 ml with distilled water. The solution was neutralised with acetic acid to 
pH 7. The elution-gradient was run from 100 % A to 100 % B in 20 minutes, followed by an 
isocratic hold at solvent B for 5 minutes at a flow-rate of 1.0 ml/min. The UV absorbance was 
monitored at 440 run and the spectrofluorometer set at an excitation wavelength of 436 run and 
an emission wavelength of 668 run. Figure 2.1 shows a typical chromatogram observed for a 
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Figure 2.1 Typical HPLC chromatogram for a subantarctic water sample, showing various 
phytoplankton pigments. X-axis: retention time in minutes; Y-axis: absorbance (arbitrary units). 
Due to the need to undertake various other measurements at sea, there was not enough time to 
collect replicate phytoplankton pigment samples. Therefore the variability in quantitative pigment 
amounts between identical samples is not known. However, the variability between repeat 
analyses of the same sample on the HPLC system was less than 2%. 
Pigments were identified by comparing their retention times with those of pure standards and 
monoalgal extracts. Monoalgal extracts were prepared in the same way as seawater samples. Pure 
chlorophyll a and ~-carotene were obtained from Sigma (USA), peridinin, 19'-hexanoyloxy-
fucoxanthin, chlorophyll b, violaxanthin, diadinoxanthin, alloxanthin and fucoxanthin from VKI 
Water Quality Institute (Denmark). Pure lutein and zeaxanthin were kindly supplied by Mrs. 
Lynn Riddell (Department of Human Nutrition, University of Otago). Monoalgal cultures were 
obtained from Portobello Marine Laboratories (Department of Marine Science, University of 




Table 2.5 Taxonomic identity of algae used to obtain standards for calibration of the HPLC. The 
pigment composition of these algae is well documented in Jeffrey et al. (1997). 
Algal species Algal group 
I 
Amphidinium carterae Dinoflagellate I 
i 
Chrysochromolina quadrikonta Prymnesiophyte 1 
Emiliania huxleyi Prymnesiophyte 
Dunaliella tertiolecta Chlorophyte 
Tetraselmis chuii Prasinophyte 
Chaetoceros muelleri Diatom 
Rhoda monas Cryptophyte 
~- ---- -
2.2.1.2 Calibration ofthe HPLC 
The following equations have been derived to obtain absolute pigment concentrations from 
HPLC data measured as peak areas. 
a) Response factor 
Let V sw be volume of seawater filtered (in litres) 
Vex be volume of acetone extract (in ml) 
V sL be volume of sample introduced into the HPLC sample loop (in lJ.L ) 
For a given pigment (P) with concentration [P]sw in sea water 
WeightP sw = [ P]sw x Vsw (1) 
In the extracted sample in acetone, 
[P]ex = Weight P sw I Vex 
= [P]sw x Vsw I Vex from (1) (2) 
Hence the weight of P applied to the HPLC column is given by 
Weight P SL = [P]ex X VsL 
= [P]sw x (Vsw I Vex) x VsL from (2) (3) 
'},' 
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Let the integrated area under peak in HPLC chromatogram for P be Ap 
Ap a WtPsL 
= rp x Weight PsL 
where rp is the response factor for pigment P and is a function of the HPLC instrument, column, 
detector and reagents etc. 
Substituting from (3 ), this expression for Ap becomes 
Ap = rp x [ P]sw x (V sw I Vex) x V SL 
which on rearranging gives 
[P]sw = ( Vex I ( v sw X v SL ) ( 1 I rp ) Ap (4) 
Hence to calculate [P]sw from Ap, it is necessary to also know the values of Vex, Vsw ,VsL and. 
rp. The three volume quantities are easily obtainable but determination of rp is more difficult. 
Determination of rp 
Rearrangement of equation (4) gives 
rp = ( Vex I ( V sw x V SL ) Ap I [P]sw (5) 
Vex and V sL are likely to be constant for a given HPLC instrument, and so these can be combined 
with the rp value to given a modified response factor r'p as follows : 
rp = rp x VsL I Vex 
and hence equation ( 5) becomes 
r'p = Ap I ( [P] sw x Vsw) 





From equation (7), a plot of [P]sw values versus Ap should be linear with gradient ll(r'p x Vsw). 
However in order to calculate r'p from the gradient, one must also know the value of V sw. Hence 
given a series of [P]sw and associated Ap values for given Vsw values, one can calculate an r'p 
value for each set of [P]sw, Ap and Vsw values using equation (6). These r'p values are then 
averaged to give just a single r'p value. Table 2.6 shows the average response factors r'p 
calculated for major pigments determined in the present study. 
Table 2.6 Average HPLC response factors (r'p) with standard deviations for selected 
phytoplankton pigments. 
Pigment r'p (10-3 ~g-1) 
Chlorophyll a 22± 5 
Peridinin 19 ± 7 
Fucoxanthin 51± 10 
19' -Hexanoyloxyfucoxanthin 44± 11 
Violaxanthin 82 ± 18 
Diadinoxanthin 71 ± 5 
Alloxan thin 78 ± 13 
Chlorophyll b 37 ± 16 
P-Carotene 123 ± 25 
-- -- ------~ - - -----------
This average r'p value could then be used in equation (7) to calculate [P]sw for an observed Ap 
value and known V sw value. 
b) Calculation of [P]sw from the ratio Ap I Achlor a 
Before individual pigment standards became available, a number of water samples had already 
been analysed. So in order to compare pigment levels between these different samples, the 
integrated area under each peak belonging to a specific pigment on the HPLC chromatogram was 
normalised to the area of the chlorophyll a peak of the same sample, to give the ratio Ap I Achtor a· 





From equation (7) above : 
[P]sw = Ap' I (r'p x V sw) 
and hence [ chlor a ]sw = Achlor a I (r' chlor a x Vsw ) 
[P]swl [chlor a]sw ={ Ap I (r'p x Vsw)} I {Achlora I (r'chlora x Vsw)} 
which upon rearrangement and cancelling ofV sw gives 
[P]sw = (r'chlora I r'p) X {Ap I Achlora} X [chlor a]sw 
Thus [P]sw could be calculated from the ratio of the modified response factors and the peak areas 
for the pigment P and chlorophyll a. The concentration of chlorophyll a was determined using a 
pure chlorophyll a standard (Sigma, USA) and HPLC. 
Heterotrophic dinoflagellates 
The abundance of dinoflagellates is Underestimated in the present study at all stations along the 
transect by measuring their marker pigment peridinin, because a large proportion of the 
dinoflagellates in the New Zealand region of the STC are heterotrophic species (Chang and Gall, 
1998). This means they do not photosynthesise but feed on algae and bacteria. Thus they do not 
contain any photosynthetic pigments and would not be detected by HPLC. 
2. 2.1. 3. Method validation: comparison to microscopy 
Both live and preserved samples from the Southland Front transect, collected on the July, 
October and December 1997 cruises were examined under a light microscope with the help of 
Mr. Othman Bojo (Department of Marine Science, University of Otago). If there was uncertainty 
about the taxonomic identity of the phytoplankton species, a scanning electron microscope 
(SEM) was also used. To distinguish between different nanoflagellates (e.g. Prasinophytes, 
Prymnesiophytes, Chaenoflagellates), several samples were examined with a transmission 
electron microscope (TEM). 
42 
2.2.2. Biomass determination using chlorophyll a levels 
·' 
2. 2. 2.1. Fluorometric determination of chlorophyll a 
To prepare the samples for analysis, the frozen filter papers were placed in test tubes and 10 ml of 
HPLC grade acetone (Baker Chemicals, Phillipsburg) was added. The samples were allowed to 
extract for at least 4 hours in a refrigerator (4°C). A Sequoia-Turner Model 450 Fluorescence 
detector was used to measure chlorophyll a. Prior to analysis of each sample batch, the 
instrument was calibrated by a set of dilutions of a pure chlorophyll a standard, obtained from 
Sigma (USA). To correct for phaeopigments in the sample, which are almost always present in 
coastal waters, the fluorescence was measured before and after acidification with one drop of 4M 
HCL 
The following equation (Holm-Hansen et al., 1965) was used to calculate absolute chlorophyll a 
concentrations: 
Chlorophyll a (J..Lg/1) = K x R/(R-1) x (FB-FA) x vN 
where 
K is the response factor determined by calibration; 
R is the acidity ratio; for concentrations above 10 J..Lg/1 in the extracts, R has an empirical value of 
12 (Holm-Hansen et al., 1965), which was applicable for all the samples examined. 
F B "is the fluorescence intensity before acidification; 
FA is the fluorescence intensity after acidification; 
vis the extraction volume (10 ml); 
V is the volume of seawater filtered (in ml). 
2.2.2.2. Spectrophotometric determination of chlorophyll a 
Spectrophotometric determination of chlorophyll a was used to quantify the absolute 
concentration of chlorophyll a in the Sigma commercial standard. The absorbance was measured 
using a Perkin-Elmer Lambda 9 spectrophotometer at wavelengths of 630, 647, and 664 nm 
(nanometers) and the concentration calculated using the equation of Jeffrey and Humphrey 
(1975): 
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Chlorophyll a (mgll) = 11.85xE664- 1.54xE647- 0.08xE630 
where E664 is the absorbance at 664 nm etc . . • 
2.2.3. Macro-nutrients 
Samples were removed from the -20°C freezer and thawed at room temperature for 24 hours 
prior to analysis. Nitrate, nitrite, and phosphate were measured on a Technicon-Chemlab nutrient 
auto-analyser, using the methods outlined by Parsons et al. (1985). These methods are explained 
in detail below. Table 2.7 shows the standard solutions (Aminot and Kerouel, 1996) that were 
used for calibration of the auto-analyser. The variability between repeat analyses was < 2% . . 
a) Nitrite 
The method is based on the classical Greiss reaction in which nitrite is first diazotised by adding 
an acidic solution of sulfanilamide: 
NOz- + NHzC61LtSOzNHz + 2H+ ---7- C61LtSOzNHzN=W + HzO 
sulfanilamide diazonium ion 
A solution of N-(1-naphthyl)-ethylenediamine dihydrochloride (NED A) is then added to form a 
pink azo dye: 
NHzCHzCHzNHC1oH7 + C6H4SOzNHzN=W ---7- NHzCHzCHzNHC1oH6N=NC6!LtSOzNHz 
naphthyl-ethylendiamine pink azo dye +H+ 
The concentration of the azo dye is measured using absorption spectrophotometry at a 
wavelength of 543 nm. 
b) Nitrate 
Nitrate is reduced to nitrite by passing over a mixture of copper-cadmium amalgam: 
N03- + 2W + Cu!Cd ---7- NOz- + HzO + Cu2+/Cd2+ 
The nitrite formed this way is then determined using the above procedure involving the formation 




The sample is treated with a sulfuric acid solution of ammonium molybdate to form a yellow 
ammonium molybdophosphate complex: 
H2S04 + (N~)2Mo04AH20 +POl- -+ (NH4)P(Mo03010)4 
Subsequent treatment with the reducing agent ascorbic acid, reduces the yellow acid to 
molybdenum blue: 
(N~)P(Mo03010)4 + C6Hs06 -+ H3P04·(4Mo03·Mo02)2AH20 + C6H10s 
blue 
The amount of molybdenum blue formed is proportional to the concentration of reactive 
phosphorus present in the original aqueous sample and is measured spectrophotometrically at 
885 nm. 
d) Silicate 
• · · Silicate was analysed manually or, if available, on a Lachat nutrient autoanalyser with the 
silicomolybdate method according to Parsons eta!. (1985). This method is based on the same 
reaction as the above phosphate analysis, which initially results in the formation of 
silicomolybdate, phosphomolybdate and arsenomolybdate complexes. The only difference is that 
oxalic acid (COOH)2.2H20 is added before the reduction with ascorbic acid, in order to 
decompose any phospho- and arseno-complexes. The remaining silicomolybdate complex is then 
measured spectrophotometrically at 810 nm. 
Table 2. 7 Macro-nutrient calibration standard dilutions. 
Macro- Standard Concentration 
nutrient (lJllloVl) 
Nitrite NaN02 0.1, 0.5, 1 
Nitrate KN03 0.3, 3, 15 
Phosphate K2HP04 0.2, 1, 2 
Silicate Na2SiF6 1, 2, 5, 10 
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2.2.4. Shipboard Total Organic Carbon (TOC) analysis in the Southern Ocean 
The parameter TOC includes both Dissolved Organic Carbon (DOC) and Particulate Organic 
Carbon (POC). TOC samples were drawn from the underway seawater line without filtration 
directly into a 100 ml screw-cap bottle. Even though the seawater tap was in close proximity to 
the continuously-running thermosalinograph feed line, the seawater tap was always allowed to 
run for at least one minute prior to sampling in order to avoid contamination from stagnant water 
in the line and valve. TOC levels were measured on-board using a custom-built instrument based 
on a high temperature combustion method (Peltzer and Brewer, 1993; Peltzer et al., 1996). The 
same JGOFS protocol (Peltzer, 1993) was followed as on P,revious expeditions such as to the 
Arabian Sea (Hansell and Peltzer, 1998). 
2.2.5. Hydrographic data 
CTD-data was downloaded to diskette from the computer on board the RIV Munida after each 
cruise and processed at a later time using Seasoft and Seaplot software (Seabird, USA). Depth 
profiles were plotted for each cast and the parameters salinity, temperature; density; .dissolved 
oxygen and chlorophyll a displayed. 
2.2.5.1. Calibration of the CTD 
a) Salinity 
The salinity of a number of samples from different cruises on the RIV Munida was determined on 
an inductively coupled salinometer, model 601MK1V, YEO-KAL (Environmental Electronic, 
Sydney, Australia) and the results compared to the salinity values from the CTD. For most 
samples the CTD salinity value was ca. 0.07 psu higher than the corresponding salinity measured 
at the salinometer. This discrepancy is not negligible but is presumably a constant offset and 
hence it does not compromise the use of the CTD data to distinguish the different water masses, 
which does not require absolute salinity values but rather differences between them. 
y 
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b) In vivo chlorophyll a fluorescence 
The in vivo chlorophyll a fluorescence values from the CTD were compared to the chlorophyll a 
concentrations of discrete samples which had been collected concurrently with the sampling 
rosette during the CTD casts and subsequently analysed by HPLC. The CTD chlorophyll a values 
were found to be generally too high and needed to be multiplied by a factor of 0.356 (n=15, 
r2=0.68) to correct them. Relatively low correlation factors (r2) between fluorescence and discrete 
samples have also been observed by Vincent et al. (1991), Bradford-Grieve et al. (1997), and 
Clementson et al. (1998), especially for subantarctic waters. This has explained by the high 
surface irradiance influencing the fluorescence detected by 'fllY in vivo fluorometer, which can 
lead to an apparent reduction in the chlorophyll a levels in the surface region. Additionally, there 
is a range of biological factors which can influence the fluorescence quantum yield such as cell 
size, taxonomic composition and photo-physiological processes (Clementson et al., 1998). 
The fluorescence curve at station X for November 1998 showed a broad "scattering" of data 
points between 10 and 80 m and therefore it was not possible to identify any deep chlorophyll a 
maxima (DCM). It was not clear what had caused this scattering, which had not occurred at 
station B one hour earlier on the same cruise. The fluorescence curve at station A also showed a 
slight scattering in November 1998, which however did not obscure the vertical position of the 
DCM. 
2.2.6. Primary production 
a) Total activity 
To measure the total radioactivity in a sample after incubation, 200 ~1 ethanolamine was placed 
into a scintillation vial insert and 100 ~1 of the incubated sample added. Ethanolamine prevents 
the radiolabelled inorganic C02 from escaping to the atmosphere. After adding 2 ml of 
scintillation cocktail (HiSafe III) the sample was capped and shaken to mix the contents. 
b) Activity on the filter 
To measure the amount of 14C that has been incorporated into the phytoplankton cells, the entire 
volume of each sample was filtered onto a 47 mm Whatman GF/F filter paper under a weak 
? 
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vacuum (1 00 rnm Hg) to prevent cell rupture. The sides of the filter funnel were rinsed with ca. 
10 ml of open-ocean seawater Jrom station A, which had previously been filtered through a 
Millipore membrane filter (pore size 0.22 1-1m). Subantarctic water from station A is the most 
suitable seawater to use as a filter rinse as it is the "cleanest" water, i.e. it has the least particle 
content, compared to subtropical or neritic water (Pfannkuche, 1998). 
Care was taken to prevent the filter paper from being filtered to dryness by reducing the vacuum 
with an air-bleed towards the end of the filtration. The filter paper was then folded and placed 
into a plastic scintillation vial insert. To remove the inorgani.c 14C, the filter paper was covered 
with 0.25 ml 5% HCl and placed into a 20 ml glass scintillation vial, which was left uncapped in 
a fume hood to dry overnight. Scintillation cocktail (2 ml) was added to the dried filter, and the 
vial capped. 
Both the total activity (a) and the activity of the filters (b) were subsequently measured using a 
LKB Wallac 1217 Rackbeta liquid scintillation counter. Every sample was counted for 5 minutes 
and the results corrected for background activity and quenching. A quench-curve had been 
recorded for this purpose prior to the counting of samples (M. Murphy, Biochemistry 
Department, University of Otago). 
The amount of assimilated carbon, i.e. primary production, was calculated according to the 
following formula (JGOFS, 1989): 
mg carbon I m3 I day= FDPM/0.25 x (25000 mg Clm3x100x10-6)1TDPM xl.051t 
where 
FDPM are the disintegrations per minute on the filter; 
TDPM are the disintegrations per minute of the total activity; 
0.25 is the incubation sample volume in litres; 
IOOxl0-6 is the volume taken out for preparing total activity sample (in litres). 
1.05 is a factor to account for the fact that 14C is incorporated slower than 12C into the 
phytoplankton cells (JGOFS, 1989). 
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t is the incubation time period and is defined as the ratio of PAR during incubation to the PAR of 
the duration of the whole day. , 
The concentration of the dissolved inorganic carbon (DIC) in seawater is assumed to be 
25,000 mg C/m3 (JGOFS, 1989). 
Measurements of primary production along the Southland Front transect were from only one 
depth (10m). Ideally, at least five different depths should have been sampled and these samples 
. ' 
incubated with 14C to obtain a complete vertical profile of primary production in the photic zone. 
This is routinely done on research ships such as during JGOF.S cruises, where the ship occupies a 
oceanic station for 24 hours, allowing for pre-dawn collection and inoculation of samples from a 
range of depths within the photic zone. The incubation bottles holding these samples are then 
attached to a wire and deployed in the water to return each sample to the depth it had been taken 
from. Usually the innoculated samples are incubated from dawn to duskand hence each sample 
receives the correct amount of light according to depth. Such a procedure is referred to as in-situ 
incubation. Alternatively, samples can be incubated on deck of the ship in a photosynthethron, 
which is a perspex box with a number of compartments that attenuate certain amounts of the 
incident surface light. Thereby the different light levels at the sampling depths are simulated. 
This is called simulated in-situ incubation. 
None of the above procedures were feasible along the transect in the present study as the RIV 
Munida could not stop at only one of the five stations for the whole day to undertake in-situ 
incubations. With five stations and four replicates per sample (three light bottles and one dark 
bottle), yielding a total of 20 samples, it was not possible during a day-long cruise to incubate 
more samples than those 20, as other measurements and sample collection also had to be 
completed. Besides, space constraints on the deck of the RIV Munida only allowed for a small 
seawater-cooled incubator. 
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2.2. 7 Surface irradiance measurements 
.' 
2.2. 7.1. Measurements during cruise 
On return from a day-long Southland Front cruise, the acquired surface irradiation data was 
downloaded from the LiCor 1000 DataLogger onto a Personal Computer using the Comm 
(LiCor) software. Values for the following parameters were measured and recorded: 
integrated irradiation per 5 minutes with time stamp 
maximum instantaneous irradiation during each 5 minute period with time stamp 
minimum instantaneous irradiation during each 5 minute period with time stamp 
The integrated irradiation was summed for the entire day and for the duration that each primary 
production sample had been incubated on deck. The ratio of irradiance during incubation I 
irradiance over the day was then used to calculate the primary production of each sample as 
outlined above in Section 2.2.6. 
2.2. 7.2. Local weather station records 
The National Institute of Water and Atmospheric Research (NIWA) maintains a permanent 
weather station near the Dunedin airport (about 70 km from sampling transect) and supplied the 
following data for this project: 
total daily surface irradiation (in MJ/m2) from 1 August 1996 until20 March 1999. 
day length at this station for each day in 1998 (in hours). 
As day length varies little between years, values for 1998 can be used for previous years. The 
total daily irradiance data was needed in order to compare it with that measured on the R/V 
Munida during a sampling cruise on a specific day, assuming no spatial differences in the daily 
irradiance between the weather station and the transect. For example, the extent of cloud cover 




Chapter 3 Results 
3.1. Southland Front ·' 
3.1.1. Physical Oceanography 
Temperature and salinity data for each of stations D, C, B, X, A are presented separately for 
1996/97 for September, October, November 1996, January 1997, and for 1997/98 for October, 
December 1997, February, April, June 1998. The temporal variability of the surface 
temperature over the entire study is shown in one figure for each station. See Appendix 7.2 
for a list of sampling cruises when CTD data were not avail~ble. 
Neritic waters (station D) 
In September 1996, water temperatures decreased from 10.5 oc at the surface to 10.1 ac at 
35m depth, and then remained constant with depth to the sea-bed at 60 m depth (Figure 
3.1.1). The thermocline* deepened from October 1996 through to January 1997 with the 
surface temperature reaching 13.4 oc in late January 1997. 
During 1997/98 (Figure 3.1.2) several differences in temperature relative to the previous 
seasonal cycle were observed. On 9 October 1997, the water column was well-mixed 
throughout with a uniform temperature of 10.6 °C. By February 1998 the water column was 
stratified due to surface heating and a thermocline had developed with surface water warming 
up to 15.3 °C, which was 2 °C warmer than in January 1997, and 13.5 °C at the base of the 
thermocline at approximately 40 m depth. By April 1998 (autumn), surface temperatures had 
decreased by 2.3 octo 13.0 °C with a smaller decrease of 1.1 °C to 12.4 °C at the base of the 
thermocline. This trend of surface waters cooling continued until June 1998 (early winter) 
with surface temperatures decreasing a further 3.3 °C to 9.7 °C while the temperature at the 
base of the thermocline decreased by 1.7 °C to 10.7 °C. The depth of the thermocline also 
appeared to have shoaled to 20 m over this winter period. These changes in temperature 
*a thermocline is the boundary between the upper stratified region of the water column and 
the region of a more constant temperature with depth below. The depth of the thermocline is 
driven by two competing processes: solar heating of surface waters leading to stratification, 




















resulted in a vertical profile in June that appeared to be the inverse of that observed in 
February in the region of the thermocline. In November 1998 the surface temperature was 
11.5 oc, and by February 1999 surface waters had warmed to 15.1 °C, which was comparable 
to that ofthe previous summer (February 1998: 15.3 °C). By March 1999 the surface water 
had warmed further to 15.3 °C. 
Figure 3.1.3 depicts the temporal changes in surface temperature at station D for the entire 
study. It clearly shows a seasonal cycle in temperature - lowest in winter, a gradual rise in 
spring, maximum temperatures in summer and cooling in autumn. There are similar trends 
between years in February, October and November, even though temperature measurements 
were not carried out on the same day of the month in each year . 
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Figure 3.1.2 Vertical profiles ofwater temperature at station D during 1997/98 . 
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Figure 3.1.3 Temporal changes in surface water temperature at station D. 
Pronounced seasonal changes in salinity were also observed for station D (Figures 3.1.4 and 
3.1.5). Due to the riverine freshwater input to neritic waters, values for salinity and density 
(not shown) were lower at the surface and then increased with depth, becoming approximately 
constant at the pycnocline* at ca. 30-40 m which then also corresponded with the base of the 
thermocline. 
* a pycnocline is a region of rapid density change in the water column and acts as barrier to 
vertical water circulation. Density is governed by temperature and salinity. As salinity 
















While there were temporal changes in salinity, there was no progressive seasonal trend in 
salinity with a minimum surface salinity of33.2 psu observed in October 1996 (Figure 3.1.4) . 
Below 30m the highest salinity of34.8 was recorded in September 1996, whereas in summer 
the salinity at depth was lower at 34.4 in November 1996 and 34.5 in January 1997. During 
1997/98 (Figure 3.1.5) it ranged between 34.4 and 34.8 below 30 m. As in 1996/97, the 
highest salinity of34.8 was recorded in spring (October 1997). The vertical gradient between 
low salinity at the surface and higher salinity at depth was much less pronounced in February 
and March 1999; at least there was little difference in salinity between the surface and 1 0 m, 
which would suggest less freshwater runoff from the coast. 
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Figure 3.1.4 Vertical profiles of salinity at station D during 1996/97. 
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Neritic/subtropical waters (station C) 
Vertical temperature profiles for Station C (120 m depth) in 1996/97 are shown in Figure 
3.1.6. The water was generally colder at all depths than further inshore. The depth of 
stratification (thermocline) increased progressively from 16m in September, 28m in October, 
39m in November 1996 to 67 min January 1997, while surface temperatures rose from 10.2 
to 12.0 oc over this time period. 
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Figure 3.1.6 Vertical profiles ofwater temperature at station C during 1996/97. 
In October 1997 (Figure 3.1.7) waters were colder above than below 40 m, but by December 
1997 this trend was reversed. In February 1998 (summer) the water column showed several 
discrete thermal layers (multiple thermoclines). By April 1998 this thermal structure had 
largely been eroded with a uniform temperature of 12.0 oc below the upper 5 m which was 
still slightly warmer. By June 1998, the entire water column was well-mixed (10.0 °C) which 
is similar to that observed at depths below ca. 15 m in September 1996. The pronounced 
' inversion' in temperatures between February and June 1998 for the upper 40 m of the water 
column noted for station D was not observed at station C. 
Temporal variations in surface temperatures for November 1998, February and March 1999 
are shown in Figure 3.1.8. Surface temperatures were exceptionally high in March 1999 
(autumn), compared to those in previous January and February (summer). The annual 
temperature range was slightly smaller than at station D; the winter temperature minimum 
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Figure 3.1.7 Vertical profiles ofwater temperature at station C during 1997/98. 
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Figure 3.1.8 Temporal changes in surface water temperature at station C. 
Vertical salinity profiles at station C (Figure 3.1.9) indicated that changes in salinity with 
depth were less pronounced compared to station D. On several occasions (February 1998, 
April 1998), salinities were lower at the surface than at depth, but higher than those 
concurrently measured at the surface for station D, suggesting less freshwater influence and 
surface dilution at station C relative to station D. The seasonal range of salinity measured 
below the halo cline* at station C was also less than for station D. 
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Figure 3.1.9 Vertical profiles of salinity at station C during 1997/98. Salinity is scaled as for 
station D . 
Subtropical waters (station B) 
In September 1996 the water column was well-mixed down to the sea-bed at 300 m at ca. 
9.0 oc (Figure 3.1.10). However, by October the entire water column had warmed to ca. 
10.0 °C. Waters in the upper 100m had cooled to ca. 9.8 °C in November, whereas the 
temperature below 100 m exhibited little change from the previous month. Multiple 
thermoclines were found in January 1997 with 12.0 oc at the surface and 8.3 °C at 300 m 
depth. 
In October 1997 (Figure 3.1.11) the surface temperature was 8.2 oc and then increased to 
9.0 °C at the base of the thermocline at ca. 20m and below. By December the upper 100m 
had warmed to 9.2 oc but compared to October the deeper waters had cooled to 8.7 oc by 
300m. In February 1998 surface waters had warmed to 12.0 °C, which was similar to that in 
January 1997. At depth, temperatures decreased gradually to 9.2 oc by 300m. Surface waters 
were slightly cooler in April 1998 (11.7 °C) than in February but deeper waters below 30m 
were about 1 °C warmer than in February 1998. Surface waters continued to cool until June 
1998 and thermal stratification shoaled. An unusual feature however was the similarity in the 
temperatures for February and June between 50 and 250 m depth, whereas in April 1998 




















Figure 3.1.12 shows temporal changes in surface temperature for station B including 
November 1998, February and March 1999. An expanded temperature scale, compared to that 
used in the respective figures for stations D and C was employed to better represent the 
reduced temperature range. This expanded temperature scale will also be used for stations X 
and A. 
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Figure 3.1.10 Vertical profiles of water temperature at station B during 1996/97. 
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Figure 3.1.12 Temporal changes in surface temperature at station B. Note the change in 
temperature scale relative to stations D and C. 
Salinities during 1996/97 (Figure 3.1.13) were highest in September 1996 ranging from 34.6 
at the surface to 35.0 at 220m depth. October values of up to 34.8 were recorded in the upper 
60 m but were decreased (ca. 34.4) below 60 m. In November 1996 salinity was 34.5 in the 
upper 100m, and steadily decreased with depth to 34.1 at 300m. As for October 1996, the 
water column was characterised by two layers in January 1997 with a low salinity of 34.3 in 
the upper 40 m and 34.6 at depths below 40 m. Salinity in 1997/98 (Figure 3.1.14) was less 
variable than observed in 1996/97 (exception of October 1997) and ranged between 34.5 and 
34.6 throughout the water column. Surface salinity values for November 1998, February and 
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Figure 3.1.13 Vertical profiles of salinity at station B during 1996/97. 
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Southland Front waters (station X) 
Despite being further offshore, surface waters at station X were 0.7 °C warmer than at station 
Bin September 1996 (Figure 3.1.15). Temperature showed a progressive decrease with depth 
from 9.9 oc (surface) to 8.9 °C at 200 m depth, then an abrupt decrease to 7.9 °C below 
200m. By October 1996 the temperature in the upper 200 m had risen to 10.0 °C, while 
waters between 200 and 400 m had also warmed, relative to September. From 400 m to 600 m 
depth the temperature remained almost unchanged in October. As for station B, temperatures 
in the upper 400 m were ca. 0.2 °C cooler in November than in October 1996. The 
temperatures below 400 m, however, had not changed. Multiple thermal structures were 
identified in the upper 200m in January 1997 with a surface. temperature of 12.2 °C, while the 
water between 200 and 400 m was colder than in November 1996. 
Temperatures during October 1997 (Figure 3.1.16) were 7.9-8.1 °C in the upper 190m but 
decreased markedly to 7.4 °C at 190m, suggesting a colder water mass below. By December 
1997 the water column down to 500 m had warmed by ca. 1 °C, with surface waters showing 
the greatest increase. Two months later (February 1998) the stratification of the upper 200m 
was even more pronounced with a surface temperature of 11.7 °C, decreasing to 8.5 oc at 
200m. Temperatures remained similar to the December values between 200 and 320m and 
then decreased to 7.6 °C by 500 m. By April1998 temperatures had cooled at depths from the 
surface down to ca. 60 m and then exhibited a temperature increase relative to February in the 
upper 250 m. The water in the upper 200 m was colder by June 1998, but remained the same 
as the April values below this depth. In the top 5 - 30 m a tongue of colder water (8.8 -
8.9 °C) was evident in June, which might suggest, together with further evidence from salinity 
data (see below), an intrusion of a shallow layer of colder subantarctic water at this time . 
The annual range in surface temperature (Figure 3 .1.17) for station X was further reduced 
compared to the more inshore stations D, C and B. There was no progressive increase in 
temperature in spring as observed at these other stations, and indeed a decrease was recorded 
from October to December. Only the summer and early autumn months January, February and 
March exhibited elevated temperatures relative to winter and spring. 
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... " Figure 3.1.15 Vertical profiles of water temperature at station X during 1996/97. 
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Figure 3.1.17 Temporal changes in surface water temperature at station X . 
Salinities during 1996/97 showed considerable gradients within single vertical profiles which 
indicated discrete layers of different water masses. In September 1996 (Figure 3 .1.18) 
salinities were between 34.5 and 34.6 in the upper 210m, and between 34.3 and 34.4 between 
210 and 600 m. These two layers were not as distinct in October 1996 when salinity was 
nearly constant from 0-170 m (34.5), and decreased below that, reaching 34.1 at 600 m . 
Salinity in November 1996 was below 34.4 down to 100m depth. Below this depth, salinity 
showed an unrealistic offset to 33 (not shown). There is no published record of such low 
values for these oceanic waters, suggesting an artefact. Conditions in January 1997 were 
characterised by low salinity (34.3) in the upper 60 m and high salinity (34.6 and over) 
between 60 and 230m. Below 230m the salinity gradually decreased to 34.4 at 410 m. 
Salinity data during 1997/98 is shown in Figure 3.1.19. In October salinity in the upper 190m 
ranged from 34.4 to 34.6 and from 34.2 to 34.3 from 190-600 m depth, which supported the 
assertion that there were two distinct layers due to different water masses, based on the 
vertical temperature profiles (Figure 3.1.13). A uniform salinity distribution at all depths was 
found in December 1997 at 34.5. In February 1998 salinity was 34.4 in the upper 100 m, 34.5 
between 100 and 330 m and again 34.4 below 330 m, which was indicative of a tongue of 
more saline water intruding into a domain of the lower saline water. This distribution was still 
partially recognisable in April 1998, although the more saline water was present at depths 




























because of another apparently unrealistic offset of salinity values -most likely an artefact -
below this depth. In June 1998 low saline water of 34.4 was found again at the surface and 
extended to 30m depth, coincident with lower temperatures in this shallow layer (see Figure 
3.1.16). At depths below 30m salinity was higher, peaking at 34.6 at 180m. 
Surface salinities in November 1998, February and March 1999 were similar to those at 
station Band ranged from 34.5 to 34.7 . 
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Figure 3.1.18 Vertical profiles of salinity at station X during 1996/97. 
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Southland Front I subantarctic waters (station A) 
The water column at station A (depth: 850 m) exhibited multiple thermoclines down to 430 m 
in September 1996 with a surface temperature of 9.6 °C and 7.0 oc at 600 m depth (Figure 
3.1.20). In October 1996 the water from 0-430 m was between 0.5 and 1.8 oc warmer than in 
the previous month, but temperatures remained constant below 430 m. One month later 
(November 1996) the upper 60 m were at the same temperature as in October but the 
underlying water was below 8 °C, which was significantly colder than in September 1996. 
This phenomenon of colder temperatures in November than in September 1996 had occurred 
at stations B and X but was not as pronounced as at station A. In January 1997 the surface 
temperature was 12.2 °C and the water column deeply strati:ijed down to ca. 250m. 
The vertical temperature profiles for 1997/98 (Figure 3 .1.21) were very similar to those at 
station X (Figure 3.1.16). In October 1997 temperature ranged from 7.8 °C at the surface to 
7.2 °C at 500 m. As at Station X, a temperature decrease was detected at 150m depth (at 190 
m at station X). By December 1997 the entire water column had warmed by about 1 oc but 
showed relatively little difference between surface (9.1 °C) and deep water temperatures (8.0 
°C at 500 m). However, these conditions had completely changed by February 1998, resulting 
in multiple thermoclines down to 500 m with a surface temperature of 11.8 °C and 7.2 oc at 
500 m. By April 1998 the surface temperature had decreased to 10.3 °C but remained 
unchanged below 160m. In June 1998 a temperature of9.2 °C was detected at the surface and 
a~ain little change below 160m. In spring 1998 (November) the water was warmer than it had 
been in spring 1997 (October). Surface temperatures for February and March 1999 are 
included in Figure 3.1.22, which shows a similar seasonal trend to that observed at station X, 
i.e. no progressive surface warming in spring, and elevated temperatures in summer and early 
autumn. 
The surface temperatures for all five stations are shown in Figure 3.1.23 in order to present 
spatial and temporal changes. It is apparent that temperature varied at higher levels, i.e. the 
annual mean temperature is higher at stations D and C than at the offshore stations B, X and 
A. Moreover, the majority of the temperature values for stations B, X and A seemed to 
'cluster' in a relatively small range (9.1 to 10.2 °C), whereas the temperatures for the inshore 
stations D and C were spread over a greater temperature range from 9.2 to 15.3 °C. 
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Figure 3.1.20 Vertical profiles of water temperature at station A during 1996/97. 
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Figure 3.1.22 Temporal changes in surface temperature at station A. 
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Figure 3.1.23 Spatial and temporal changes in surface temperature for all stations during this 
study. 
Salinities in 1996/97 (Figure 3.1.24) at station A were similar in magnitude to those at station 
X. In September 1996 values in the upper 200 m ranged from 34.5 to 34.7, and decreased 
from 34.4 just below 200m to 34.2 at 600 m. In October 1996 high salinity water of34.5-34.9 
was found in the upper 350m whereas between 350 and 600 m values decreased from 34.4 to 
34.2. As for station X eight km away, the salinity recorded in November 1996 was off-scale 




















34.3 was observed in the upper 50 m. At 50 m salinity exhibited a sharp increase to 34.6, and 
then gradually decreased to 34.4 by 420 m. 
There was low-salinity water (34.3) in the upper 30m in October 1997 (Figure 3.1.25) and a 
tongue of more saline water (34.5) below this depth, which extended down to ca. 100 m. 
From 100-500 m salinities were again low and nearly constant. A tongue of high-salinity 
water, reaching into the less saline water, was again observed in December 1997 at a greater 
depth (150-280 m) with salinities reaching 34.52. Above and below this 'tongue' the salinity 
was lower at 34.42 and 34.47, respectively. In February 1998 salinity was low at the surface 
(34.43) and 34.38 at 500 m depth. A similar pattern was found in April1998 with a very low 
surface salinity of 34.32. In June 1998 a tongue of higher salinity water of 34.55 was again 
found between 20 and 120 m depth. In the following spring (November 1998) salinity was 
approximately constant at 34.7 in the upper 150 m of the water column and then gradually 
decreased to 34.3 at 420 m. Only surface salinities were measured in February and March 
1999 and were 34.45 in February and 34.51 in March. 
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Figure 3.1.25 Vertical profiles of salinity at station A during 1997/98. 
To summarise the hydrographic results, the water masses found at the stations B, X and A for 
all sampling months are shown in Table 3 .1.2. When two water masses were found to be 
overlaying each other at a station, the respective depths where this occurred are indicated (ST 
= Subtropical water; SA = Subantarctic water) . Temperature/salinity characteristics for the 
Otago waters reported by Jillett (1969) were used to assign different water masses shown in 
Table 1.1 (Introduction Chapter). 
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Table 3.1.2 Seasonal variation in the vertical distribution of water masses at the stations B, X 
and A observed during the present study (1996-1999). 'Surface' indicates that, instead of deep 
CTD-casts, only surface (1Om} CTD measurements could only be undertaken. 
Station B Station X Station A 
September-96 ST ST ST 
170m ------------ 5 Om -------------
SA SA I 
October-96 ST ST ST 
60m ---------------- 25m ------------- 20m --------------
SA SA SA 
November-96 ST SA SA I 1OOm --------------- I 
SA I 
January-97 SA SA SA ! 
40m ----------------- 50m ---------------- 60m ----------------
ST ST ST 
October-97 ST SA SA 





February-98 ST SA SA 





June-98 ST SA SA 




November-98 ST ST ST 
(surface) (surface) 3OOm---------------
SA 
February-99 ST ST SA 
(surface) (surface) (surface) I 
March-99 ST ST SA 
I (surface) (surface) (surface) 
-~-··--
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3.1.2. Chemical Oceanography 
The seasonal variability of the vertical distribution of the macro-nutrients nitrate, nitrite, 
phosphate and silicate was examined at each of stations D, C, B, X, A over the study period. Due 
to the large number of data, only selected depth profiles are graphically displayed according to 
their importance and representativeness of the trends seen in the macro-nutrient results described 
in the text in this section. Refer to the Appendix (and electronic copy) for the complete data 
repository. 
Neritic waters (station D) 
Nitrate: Figure 3.1.26 shows the nitrate concentrations from September 1996 to July 1997. The 
widest range of concentrations was observed in surface waters with a summer low of 0.2 J..lmol/1 
in January 1997 and a winter high of 6.2 J..lmol/1 in July 1997. Measurements during winter 
(August 1996, July 1997 and June 1998, data not shown) all showed a generally uniform nitrate 
distribution over all depths with winter reserve values above 6 J-lmol/1, which was expected for 
the well-mixed winter water column. By early spring (e.g. September 1996) levels were reduced 
relative to winter, particularly in the upper 10 m, and this may be indicative of phytoplankton 
growth due to the onset of stratification. From October and November 1996 through to January 
1997 there was a gradual decrease in nitrate levels at 0, 10 and 30 m, reaching almost depletion 
(< 0.5 J..lmol/1) over this depth range by January 1997. In March 1997 nitrate concentrations began 
to increase and had returned to winter reserve values at all depths by July 1997. A similar pattern 
of summer lows and winter highs was also noted for the annual cycle from spring (October and 
December 1997) to summer (February 1998), autumn (April 1998) and winter (June 1998). 
Figure 3.1.27 shows this seasonal trends in nitrate levels for surface waters at station D and 
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Figure 3.1.27 Temporal variation of the surface nitrate concentration at station D . 
10 
Nitrite: In winter (e.g. July 1997, Figure 3 .1.28) a nearly homogeneous vertical distribution was 
recorded for nitrite at ca. 0.3-0.4 f..!mol/1. Higher levels of up to 0.6 f..!mol/1 at depth and an 
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Figure 3.1.28 Vertical profiles of nitrite concentrations at station D. 
Phosphate: Phosphate levels (Figure 3.1.29) appeared to be not only subject to a seasonal cycle 
like nitrate (Figure 3.1.26), but also seemed to be influenced by episodic events, e.g. riverine 
input or land-runoff. Concentrations ranged from undetectable to 0.6 !J.mol/1 over the annual 
cycle. From August through to November 1996 phosphate levels changed erratically, whereas 
they were depleted in January 1997, being undetectable at 0 and 10m, and very low at 30 and 60 
m. The latter trend was again observed in February 1998 with phosphate being undetectable in 
surface waters. Figure 3.1.30 shows the changes for the surface phosphate concentrations from 
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Figure 3.1.29 Vertical profiles of phosphate concentrations at station D. 
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Figure 3.1.30 Temporal variation of the surface phosphate concentration at station D . 
Silicate: Silicate concentrations decreased dramatically from August (not shown) to September 
1996 (Figure 3.1.3 1), i.e. from 3.2 to 0.3 Jlmol/1 at the surface and from 13.4 to 1.7 Jlmol/1 at 30 
m depth. By October 1996 silicate levels had increased and exhibited a fairly uniform distribution 
from 4.6 Jlmol/1 at the surface (2 m) decreasing to 2.9 J.!mol/1 at 60 m. The same trend, that of 


















3.3 Jlmol/1 at the surface and 2.3 Jlmol/1 at the bottom. In January and March 1997 the opposite 
trend was observed with silicate concentrations increasing with depth . 
In July 1997 (Figure 3.1.31) the water column was well-mixed with a relatively narrow range of 
3.3-3.9 Jlmol/1 silicate at all depths. By October 1997 silicate levels had decreased to 0.6-1.2 
Jlmol/1, but increased significantly in December 1997 with a maximum of 9.0 Jlmol/1 Si at the 
surface (Figure 3.1.32). Summer and autumn conditions (February and April 1998) were 
comparable to the previous year (January- March 1997), with silicate concentrations increasing 
with depth. In April 1998 surface waters were silicate-deplete (0.1 Jlmol/1). A surface silicate 
concentration of 12.0 J..Lmol/1 in June 1998 exceeded what was expected due to winter-mixing, 
relative to the winter reserve values of ca. 4 J..Lmol/1 Si in August 1996 and July 1997 (Figure 
3.1.32). 
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Figure 3.1.32 Temporal variation of the surface (2m) silicate concentration at station D. 
Neritic/subtropical waters (station C) 
Nitrate levels gradually decreased through spring (September, October and November 1996) at 
all depths (Figure 3.1.33), after consistently high concentrations throughout the 120 m water 
column in August 1996 (trace not shown, range 9.9 to 11.3 Jlmol/1). This decrease was more 
pronounced in surface waters than at depth. January 1997 brought unexpectedly high nitrate 
concentrations for summer conditions with 7.6 Jlmol/1 at the surface and 8.4 Jlmol/1 at 120 m. 
These levels returned to more typical values within two months with low levels (2.8 Jlmol/1) at 
the surface (2 m) and a gradual increase in nitrate with depth observed in March 1997. In July 
1997 a typically well-mixed winter distribution at ca. 9 Jlmol/1 was observed at all depths. In 
spring 1997 (October and December 1997) concentrations were higher than those recorded in 
spring 1996, especially at the surface, where they remained above 6 Jlmol/1. Summer and autumn 
levels (February and April1998) were lower than in spring with a surface nitrate concentration of 
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Figure 3.1.33 Vertical profiles of nitrate concentrations at station C. 
Nitrite concentrations generally increased with depth on all sampled occasions over the annual 
cycle (Figure 3.1.34). Levels continuously increased from low values in August 1996, through 
September, October, until November 1996, when the highest value of the year (1.0 J.Lmol/1) was 
recorded at 30m. This subsurface nitrite maximum (SNM) was already present in the previous 
month (October 1996) at a shallower depth of 10m. By January 1997 the location of this SNM 
had further deepened to 60 m, but exhibited a lower concentration of 0.26 J.Lmol/1. These low 
summer values in the SNM were also observed in February 1998 (not shown), but the springtime 
SNM was less pronounced than in 1996. In April 1998 nitrite levels were high(> 0.6 J.Lmol/1) 
except for at the surface, and were low in winter (June 1998). Nitrite levels appeared to be 
inversely related to nitrate concentrations (Figure 3.1.33). This proposed inverse relationship was 
tested by regression analysis for this station C between August 1996 and July 1997, but the 




































Figure 3.1.34 Vertical profiles of nitrite concentrations at station C. 
1 1.1 
Phosphate levels at station C showed no clear seasonal pattern, as observed at station D. For 
example, in 1996 phosphate levels were higher in September (early spring) than in August 
(winter). However, surface waters were never found to be phosphate-depleted as observed in 
summer at station D. 
Silicate concentrations did not decrease with depth, which was observed at station D (Figure 
3 .1.31) over the annual cycle, but rather increased with depth or remained constant. 
Unexpectedly, the highest levels were not recorded in winter but in spring, both in October 1996 
and 1997, while autumn concentrations (March 1997 and April 1998) were the lowest over that 
annual cycle. 
Subtropical waters (station B) 
Consistently high nitrate levels (13.4-14.4 J.lmol/1) were recorded throughout the 300 m water 
column in September 1996 (Figure 3.1.35). By October 1996 nitrate levels had decreased by ca. 
3 J.lmol/1 in the upper 100 m, and to a lesser extent at 200 and 300 m depth. One month later there 






















January 1997 was characterised by a further decrease in nitrate in the upper 100 m and, in 
contrast to that, an increase in nitrate below 200 m. This trend of increasing nitrate at depth was 
more pronounced by March 1997 with a further increase in levels below 50 m and with 
concentrations remaining almost unchanged above 50 m. In July 1997 high surface 
concentrations of ca. 12.5 f...Lmol/1 in the upper 10 m suggested that winter-overturn of the water 
column had partially replenished surface nitrate levels. Due to power failure in the CTD-profller 
it was not possible to collect samples below 10 m depth in July 1997. 
In October 1997 the vertical nitrate distribution appeared somewhat unusual with the highest 
value noted at the surface and the lowest at 300m (Figure 3.1.36). From December 1997 and 
February 1998 through to April1998 nitrate concentrations were gradually decreasing, especially 
in the upper 100m, to the lowest measured value in the two-year study of 3.9 f...Lmol/1 at 20m in 
April1998. A nitrate minimum at 20m was also observed in October 1997 and June 1998, and at 
50 min December 1997. In June 1998 the water column continued to exhibit a moderate increase 
in nitrate levels with depth, and levels had increased since April at all depths. One possible 
explanation for this is that winter deep-mixing had started but the process of replenishing 
nutrients in the photic zone (ca. upper 100 m) was not yet completed. 
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Figure 3.1.36 Vertical profiles of nitrate concentrations at station Bin 1997/98. 
22 
Nitrite progressively increased at station B (Figure 3.1.37) as at station C (Figure 3.1.34), at all 
depths from September through to November 1996 with a local maximum of0.55 ~mol/1 at 100 
m. By January and March 1997, nitrite levels had diminished and exhibited a pronounced SNM at 
50 m depth for both periods. A SNM was again observed in February 1998. October and 
December 1997 showed comparable nitrite levels to the previous year while relatively high levels 
were detected in April 1998 at the surface and 10 m. Winter nitrite concentrations in June 1998 






































0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
- sep-96 





Figure 3.1.37 Vertical profiles of nitrite concentrations at station B. 
1.1 
As for nitrate, the water column at station B exhibited winter reserve phosphate values (Figure 
3.1.38) in September 1996 with a ca. homogeneous vertical distribution of 0.96-1.05 ~-tmol/1, 
revealing a 'winter'-like situation. October 1996 saw a significant drawdown of phosphate at all 
depth to about half the winter reserve levels observed in the preceding month, whereas phosphate 
concentrations increased again at all depths in November 1996. This increase in phosphate levels, 
however, was not reflected in the nitrate levels (Figure 3.1.35), but the previously described 
nitrate minimum at 10 m was also noted for phosphate in the vertical profile for that month . 
In January and March 1997 the gradient between low phosphate concentrations in the upper 100 
m and higher concentrations below was most notable. The water layer that exhibits the maximum 
gradient in phosphate and other nutrients is also known as the nutricline. In July 1997, 
0.63 Jlmol/1 were measured at the surface and 0.68 Jlmol/1 at 10 m. From October 1997 until June 
1998 the trend of seasonal changes in phosphate levels was similar to the pattern noted for nitrate, 
with higher concentrations at the surface than at depth in October 1997 and a general decrease in 
phosphate levels in summer 1998. A relatively low concentration of0.19 ~-tmol/1 was recorded at 
the surface in April 1998. At several depths in June 1998, levels were lower than in April 1998. 
























i>so j ~Sep-oo 
G) --Oct-96 
c 
200 -- Nov-96 
-- Jan-97 




Figure 3.1.38 Vertical profiles of phosphate concentrations at station B. 
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Figure 3.1.39 Temporal variation of the surface (2m) phosphate concentration at station B. 
Silicate concentrations were constant at all depths (4 J..Lmol/1) in September 1996 (Figure 3.1.40) 
and decreased progressively in the upper 100m, i.e. at least in the mixed layer, in October and 






















0.96 J...Lmol/1 at 10 m and 6.2 J...Lmol/1 at 300 m depth. In March 1997 silicate levels were almost 
completely depleted in the upper 20 m with concentrations close to detection limit (0.1 J...Lmol/1 
Si). Partial surface replenishment of silicate occurred by winter (July 1997) and Si concentrations 
were even higher in early October 1997 (data not shown), but showed no clear trends with depth, 
i.e. no progressive increase or decrease with depth. By December 1997, atypically high silicate 
levels were observed in the deeper water below 100m with a maximum of 11.0 J...Lmol/1 at 300m. 
February and April 1998 were both characterised by relatively low silicate concentrations at all 
depths, but unlike the summer period of 1997, surface waters never appeared to be silicate-
deplete. 
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Figure 3.1.40 Vertical profiles of silicate concentrations at station B . 
Southland Front (station X) 
The vertical nitrate distribution in September 1996 exhibited a pronounced increase with depth 
(Figure 3.1.41), which contrasts with the homogeneous vertical nitrate profile determined at this 
time at station B (Figure 3.1.35). One month later, nitrate levels had decreased by ca. 2.0 J...Lmol/1 




















before significantly increasing to 20.9 JlmoVl at 200 m depth, resulting in a pronounced 
subsurface maximum and a minimum of 10.1 JlmoVl at 400 m depth. By summer (January 1997, 
March 1997) nitrate levels had again decreased throughout the water column with a number of 
shallow subsurface minima and maxima observed in the upper 100 m. The surface nitrate 
concentration increased by winter (July 1997), where 14.9 and 14.2 JlmoVl were recorded at the 
surface and at 10 m, respectively. 
The following annual cycle, investigated from October 1997 until June 1998, is shown in Figure 
3.1.42. No clear trend, either with season or depth, can be recognised which may be attributed to 
the frontal position of this station. 
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Figure 3.1.42 Vertical profiles of nitrate concentrations at station X in 1997/98. Note the 
expanded concentration scale from 6 to 21 JJ.mol/1 for better resolution of changes in nitrate 
levels, particularly in the upper 100 m . 
Nitrite levels changed relatively little with season (Figure 3 .1.43), however the SNM at 50 m, that 
was described at station B (Figure 3.1.37), was observed almost always during the study. Nitrite 
peaked mostly at 100 m, rather than at 50 m at this station. The depth profile of nitrite in 
November 1996 appears to be the inverse in shape to that of nitrate (Figure 3.1.21), with a 
subsurface minimum at 200m and higher levels at 400 m and below. In April1998 (not shown) 
nitrite levels were high at the surface, reaching 0.98 JJ.mol/1. As the nitrite concentration was also 
relatively high in surface waters at station Bin the same month, the possibility of an artefact due 





































The phosphate vertical profile for 1996/97 (Figure 3.1.44) showed an increase in levels at all 
depths in September 1996 with 0. 7 J-!mo Ill at the surface and 1.1 J-!mo Ill at 400 m depth. Below 
400 m a slight decrease in phosphate was observed. One month later phosphate levels had 
consistently decreased by ca. 0.3 J-!mol/1 at all depths, except at 600 m where there was little 
change. The profile in November 1996 appeared very similar in shape to that for nitrate at that 
time (Figure 3.1.41), also exhibiting a pronounced subsurface maximum at 200 m and a 
minimum at 400 m. In January 1997 phosphate levels increased progressively with depth from 
0.3 J-!mol/1 at the surface to 0.9 J-!mol/1 at 600 m. By March 1997 concentrations had decreased in 
the upper 100 m of the water column to ca. 0.3 J-!mol/1. Phosphate was replenished at least in 
surface waters in July 1997, having increased to about 0.8 J-!mol/1. For the annual cycle in 
1997/98 (Figure 3.1.45) it is difficult to identify any seasonal trends other than various subsurface 
maxima and minima and higher phosphate levels in summer (February) than in winter (June). In 
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Figure 3.1.44 Vertical profiles of phosphate concentrations at station X in 1996/97. 
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Figure 3.1.45 Vertical profiles of phosphate concentrations at station X in 1997/98. 
In September 1996 silicate showed lower levels in the upper 50 m than in the waters below 
















3.1.41). This trend at station X was different from that at station B, where silicate was 
homogeneously distributed at all depths (Figure 3 .1.40). Silicate concentrations increased slightly 
at all depths in October and November 1996; the pronounced subsurface maximum at 200m and 
minimum at 400 m described previously for nitrate and phosphate in November 1996 was also 
observed for silicate in November 1996. A significant drawdown of silicate was observed in 
surface waters in January 1997 and led to a complete exhaustion of silicate in March 1997 in the 
top 20m, and to very low levels nearing the detection limit at 50 and 100m. This depletion was 
more pronounced than at station Bat that time. In July 1997, 3.0 and 2.6 J..Lmol/1 were detected at 
the surface and at 10m, respectively, suggesting surface silicate replenishment. 
Spring silicate levels in October and December 1997 (not shown) were higher than in the 
previous year, and no summer depletion of silicate was recorded in February or April1998, when 
concentrations in the upper 50 m of the water column were > 1 J..Lmol/1. By June 1998 the surface 
silicate concentration had reached 4.4 J.!mol/1, and increased with depth. 
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Southland Front/subantarctic waters (station A) 
Nitrate levels increased with depth and were generally higher at this station (Figure 3.1.47) than 
further inshore, particularly at 600 m depth nitrate concentrations were persistently > 20 !J.mol/1. 
From September to October 1996 there was a decrease in nitrate levels in the upper 200m and an 
increase below this depth. An increase in nitrate levels in November 1996 at all depths except for 
600 m was followed by a decrease in nitrate levels at all depths in January 1997. Towards autumn 
(March 1997) nitrate levels increased again in the upper 200 m. 
The temporal changes in nitrate levels at the ocean surface are shown in Figure 3.1.48. Unlike the 
water masses further inshore, particularly neritic waters, there was no clear seasonal change in 
nitrate levels. Except for the two measurements made in 1999, the nitrate concentration remained 
consistently above 8 !J.mol/1. 
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Figure 3.1.48 Temporal variation of the surface (2 m) nitrate concentration at station A. 
Nitrite levels of0.1-0.5 1-1mol/l were observed (Figure 3.1.23) and a SNM at 100m as seen at 
station X was also identified throughout the annual cycle at station A. The highest nitrite 
concentration in these SNM was recorded in October 1996 (0.5 1-1mol/l). This nitrite level in the 
SNM decreased progressively over November 1996, January 1997 until March 1997 with no 
change in the depth ofthe SNM (100m depth). 
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Phosphate levels in September 1996 were approximately constant (0.8-1.0 J.lmoVl) between 20 
and 200m depth (Figure 3.1.50), which was different from the vertical profile at station X, which 
showed an increase in phosphate levels with depth. In the following month phosphate levels had 
decreased throughout the water column relative to September, and exhibited a progressive 
increase with depth. Phosphate levels increased in November 1996, nearing levels that had been 
observed in September 1996. Over summer and early autumn (January and March 1997) 
phosphate levels were relatively low (0.3-0.35 J.lmoVl) at the surface and ca. 0.9 J.lmoVl at 600 m 
depth, which was comparable to the trend at station X. A discrepancy in phosphate distributions 
between stations X and A was seen in October 1997 with phosphate increasing with depth at 
station A (not shown) but decreasing with depth at station X (Figure 3.1.45). In December 1997 
phosphate levels varied little with depth at station A, whereas they showed a progressive increase 
with depth at station X. Summer and autumn levels in February and April 1998 in the upper 100 
m at A were not as low as in the previous January and March 1997. In June 1998 phosphate 
levels in the upper 100m were unexpectedly lower than they had been in April1998. 
Phosphate (J.l mol/1) 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 




1300 ~ - Sep-96 ___..__ Oct-96 
400 - Nov-96 
- Jan-97 
500 ~ I_ Mar-97 
. . - Jul-97 
600 


















In September 1996 silicate levels were uniform over all depths (3 .9 J..Lmol/1), except for higher 
concentrations at 600 m (Figure 3 .1 .51 ). This homogeneous vertical silicate distribution at station 
A in September 1996 contrasted silicate levels increasing with depth concurrently at station X. 
The same contrast had already been reported for nitrate and phosphate. The summer silicate 
depletion that occurred at station X in March 1997, was already noted in January 1997 at station 
A and persisted through to March. In July 1997 3.3 J..Lmol/1 Si was measured in surface waters, 
which indicated silicate replenishment. By October 1997 (Figure 3.1.52) the upper 200m were 
characterised by a silicate concentration of ca. 5 J..lmol/1. This level gradually decreased over 
December 1997, February 1998 to April 1998, when concentrations were nearing silicate 
exhaustion (0.5 J..Lmol/1) in the upper 20m. In June 1998, high concentrations were recorded 
below 200m, peaking at 27.1 J..Lmol/1 at 600 m. 
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Figure 3.1.51 Vertical profiles of silicate concentrations at station A in 1996/97 . 
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3.1.3 Biological Oceanography 
3.1. 3.1 Vertical profiles of in-situ chlorophyll a fluorescence 
From December 1997 until March 1999 the CTD unit included an in-situ fluorometer, which 
provided a high vertical resolution of chlorophyll fluorescence, an indicator of the magnitude 
of phytoplankton stocks in relation to depth. The fluorometer was calibrated using chlorophyll 
a levels obtained by HPLC (see Section 2.2.5.1 in Materials and Methods Chapter). 
Calibrated plots are shown in Figures 3.1.53-3.1.57 . 
The main trends in the vertical chlorophyll a profiles were the development of deep 
chlorophyll a maxima (DCM) which were recorded at the more offshore stations (B, X and 
A). At the inshore stations D (Figure 3.1.53) and C (Figure 3.1.54) no DCM was observed 
with one exception; the chlorophyll a levels there were mostly either constant at all depths or 
decreased with depth. A shallow DCM (1 0-20 m depth) was observed only in February 1998 . 
For stations B, X and A the chlorophyll a levels are presented for the upper 150m of the 
water column (Figures 3.1.55-57). 
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Figure 3.1.54 Calibrated vertical chlorophyll a profiles at station C from the in situ 
fluorometer. 
Station B (Figure 3.1.55): 
The DCM at this station was recorded at 52 m (1.0 ~g/1 chlorophyll a) in December 1997. By 
February 1998 this feature was observed at 23m, but was more pronounced than in December 
1997 with a sharp peak of 1.5 ~g/1 chlorophyll a. The surface concentration of chlorophyll a 
had also increased, however below the DCM it was considerably lower than that in December 
1997. By April 1998 the DCM had become less pronounced, and was only noted as a slight 
increase by 0.2 ~g/1 chlorophyll a in the vertical profile at 10m. In June 1998 no DCM was 
observed and the highest chlorophyll a concentration was measured at the surface. In the 
following spring (November 1998) the chlorophyll a levels had increased significantly with a 
shallow 'DCM' observed at 18-21 m. In February 1999 only the upper 10 m were investigated 
(because oftime constraints due to committing to other measurements) and seemed to indicate 
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Figure 3.1.55 Calibrated vertical chlorophyll a profiles at station B from the in situ 
fluorometer. 
Station X (Figure 3.1.56): 
Chlorophyll a levels in December 1997 were similar to those observed at station B, except 
that the DCM was centred on 60 m and had a vertical width of ca. 20 m. However by 
February 1998 the DCM at station X had deepened to 67 m, while surface waters exhibited 
lower chlorophyll a levels than at station B in summer. In April 1998 the DCM was still 
present and had shoaled to 30-43 m. Chlorophyll a levels decreased with depth in June 1998 
with no obvious DCM as noted for station B in winter. In February 1999 the water column 
was characterised by an increase in chlorophyll a levels from 0.8 J.lg/1 at the surface to 2.4 
J.lg/1 (DCM) at 57-64 m depth, centred on 61 m, and then a significant decrease at greater 
depths . 
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Station A (Figure 3.1.57): 
At this station a DCM with levels of 0.95 J..Lg/1 was detected between 93-100 m in December 
1997; this was the deepest DCM recorded during the entire study. From December 1997 to 
February and April 1998 the DCM shoaled progressively and DCM chlorophyll a levels 
increased gradually: 0.95 J..Lg/1 at 93-100 m (December 1997), 1.4 J..Lg/1 at 60-72 m (February 
1998), and 1.6 J..Lg/1 at 18-33 m (April 1998). No DCM was observed for this station in June 
1998. In November 1998 a shallow DCM of ca. 1.3 J..Lg/1 was observed at 19-30 m depth. The 
highest chlorophyll a concentration for this station during the study period was 2.6 J..Lg/1 in the 
DCM in February 1999 (57 m). 
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Figure 3.1.57 Calibrated vertical chlorophyll a profiles at station A from the in situ 
fluorometer . 
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3.1.3.2 A comparison of phytoplankton stock analysis: HPLC pigments versus microscopy 
To assist with the validation of the HPLC method for phytoplankton pigment analysis, a 
subset of samples from the Southland Front transect in July, October and December 1997 was 
·' 
examined using light and electron microscopy. This also provided an independent assessment 
of the predominant algal groups present. Due to the number of samples (30) it was not 
possible to carry out quantitative phytoplankton cell counts. Instead, the abundance, or status 
of a phytoplankton group in a sample was differentiated into one of three categories: rare, 
common and abundant. The status of each group was then compared to the calculated 
pigment/chlorophyll a ratio of the marker pigment for the respective group, derived from 
HPLC analysis (Table 3.1.3). To ensure equivalent amounts of pigment between different 
samples, these ratios were used in order to normalise the· concentration of each pigment to that 
of chlorophyll a in the sample, rather than using the absolute pigment concentrations. In Table 
3.1.4 not each pair of results from the microscopy/HPLC comparison is listed, but the range 
of pigment/chlorophyll a ratios from different samples that all corresponded to the same status 
of the phytoplankton group represented by a particular pigment. For example, the first entry 
"0.020-0.079 (6)" in Table 3.1.3 means that dinoflagellates were determined by microscope to 
be rare in six samples and that the peridinin/chlorophyll a ratio, obtained by HPLC, ranged 
from 0.020 to 0.079 for these six samples. 
Table 3.1.3 Phytoplankton groups, their status determined by microscopy, the range of 
pigment/chlorophyll a ratios measured by HPLC and the respective marker pigment according 
to Table 1.2 in the Introduction. The number of samples assigned to each category is shown in 
brackets 
Phytoplankton Status Marker 
group Rare Common Abundant pigment 
Dinoflagellates 0.020-0.079 (6) 0.157-0.167 (2) - Peridinin 
Diatoms 0.129 (1) 0.250-0.431 (8) 0.443 (1) Fucoxanthin 
Prymnesiophytes - 0.077-0.183 (5) 0.419-0.975 (6) 19'-Hex 
Chrysophytes 0.043-0.062 (5) 0.122 (1) - Violaxanthin 
Cryptophytes 0.031 (1) - - Alloxan thin 
'green algae ,a - 0.090-0.239 - Chlorophyll b 
a 'Green algae' comprise chlorophytes and prasinophytes. 
_, 
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Although no quantitative equations were derived to relate marker pigment concentration to 
the numbers of phytoplankton cells of each algal group, these results suggested that 
phytoplankton analysis deriveq from HPLC pigments was reliable and consistent in terms of 
the correct pigment assignment to phytoplankton groups. This can be seen in the relatively 
narrow range of pigment/chlorophyll a ratios in each category in Table 3.1.3. 
A comprehensive analysis of phytoplankton to species level was undertaken on one surface 
water sample collected from station A (subantarctic water) on 9 October 1997 and is 
presented in Table 3.1.4. This analysis was qualitative and required the use of a scanning 
electron microscope (SEM), transmission electron micro~cope (TEM) as well as a light 
microscope. Results of HPLC pigment analysis of this sample are contained within Table 
3.1.3. 
Table 3.1.4 Typical phytoplankton species in a sample from subantarctic water in spring. 
Phytoplankton group Phytoplankton species ' 
Dinoflagellates Oxytosum sp. 
Gymnodinium sp. 
Diatoms Pseudo nitzschia 
Chaetoceros 
Silicoflagellates Dichyocha speculum 
Meringosphaera sp. 
Prasinophytes Tetraselmis marina 
Pyramimonas sp. 




Phaeocystis sp. globosa 
Phaeocystis scrobiculata 
Emiliania huxleyi 
Chrysophytes Paraphyromonas imperforata 
99 
Live samples from subantarctic waters within the New Zealand EEZ (exclusive economical 
zone) have not been examined before. On research voyages of longer duration in the region 
(e.g. Chang and Gall, 1998) samples had to be preserved in acidified Lugol's iodine solution, 
which made identification of the < 5 f.!m nanoflagellates dominating these waters almost 
impossible, since the acidic Lugol's dissolves the carbonate scales especially of 
coccolithophorids, a common pryrnnesiophyte species (nanoflagellate) in subantarctic waters. 
Hence, light microscopy was only used on samples stained in this manner (Chang and Gall, 
1998). 
3.1.3.3 Temporal variability in phytoplankton pigment levels 
The temporal variability of all identified pigments is presented for surface waters at each 
station in Figures 3.1.58-67. The top panel shows the chlorophyll a concentration in f.!g/1, and, 
on a secondary axis at a different scale, the fucoxanthin (diatoms) and 19'-
hexanoyloxyfucoxanthin (19-hex) (prymnesiophytes) concentrations in f.lg/1. The middle 
panel depicts the concentrations of the pigments peridinin (dinoflagellates), violaxanthin 
· (chrysophytes), diadinoxanthin (diatoms), alloxanthin (cryptophytes), and chlorophyll b 
('green algae') in units of f.lg/1. The bottom panel shows the levels of diatoxanthin (diatoms/ 
pryrnnesiophytes/dinoflagellates), lutein/zeaxanthin (cyanobacteria) and phaeophytin a (faecal 
pellets/zooplankton grazing). For those three pigments it was not possible to calculate their 
concentrations in f.lg/1, because there were either no standards available for calibration, or 
their identity could not always be clearly resolved, which was the case for lutein and 
zeaxanthin, as they co-elute with the mobile-phase gradient used for this analysis. Instead of 
absolute concentrations, levels of these pigments are given in peak area per volume, which 
means the peak areas given by the HPLC integration software were divided by the volume of 
seawater that had originally been filtered to obtain the sample. Using this procedure, all the 
data was normalised to the sample volume and thus enables a comparison between different 
samples. Note also that the concentration scales for stations B, X and A differ from those for 
stations C and D for the data in the top and middle panels. The spatial variability in pigment 






















The main feature at station D (Figure 3.1.59) was the strong correlation for all sampling 
periods between chlorophyll a and fucoxanthin (diatoms) concentrations. Fucoxanthin levels 
were consistently 20% of the chlorophyll a levels and diatoms the dominant algal group 
throughout the sampling period 1996-1998. Chlorophyll a varied more than 10-fold, from 
0.18 to 4.39 J..lg/1, with maxima observed in January 1997 and February 1998. A spring bloom 
was only observed once (November 1998) with the highest recorded value ( 4.39 J..lg/1) of the 
entire study. Although three cruises at one month intervals had been undertaken in spring 
1996, and just one in spring 1997, such high concentrations were not observed at these other 
times. During autumn and winter, chlorophyll a levels were generally low(< 1 J..lg/1). Levels 
of 19-hex (prymnesiophytes) varied to a lesser extent and showed higher levels in 1998 than 
in 1996-1997, which means that prymnesiophytes were a more significant contributor to the 
algal community in 1998. The temporal succession (1996-1998) of algal groups represented 
by their marker pigments is schematically shown in Figure 3.1.58, where the length of the 
arrows represent periods of a relative maximum in a pigment concentration. The absolute 
concentration for these maxima may still be low, especially for peridinin and alloxanthin. 
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Figure 3.1.58 Succession of algal groups represented by their marker pigment maxima at 
station D. Fuco: fucoxanthin; chi b: chlorophyll b; lut/zea: lutein/zeaxanthin; peri: peridinin; 
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Figure 3.1.59 Variability in algal pigment concentrations at station D between late winter 
1996 and spring 1998. 
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Peridinin (dinoflagellates) levels varied between 0 (undetectable) and a maximum of 
0.11 ).Lg/1, recorded in February 1998. During the spring bloom in November 1998 it exhibited 
- like most other pigments.,- a marked increase. There was no seasonal trend for the 
magnitude of dinoflagellate stocks. Violaxanthin (chrysophytes) levels at times appeared to be 
varying inversely to chlorophyll a and to most other pigments, e.g. relatively high 
concentrations were observed in April and June 1998, while most other pigments were low. 
However, violaxanthin was undetectable in February and November 1998, when most 
pigment concentrations reached a maximum. These observations would suggest that 
chrysophytes were usually outcompeted by other algae and only showed a relative growth 
increase when the other algal groups were present at I9w levels. Diadinoxanthin levels 
followed the seasonal changes of chlorophyll a and fucoxanthin levels very closely, which 
suggests that diatoms were the sole source for both fuc;o- and diadinoxanthin. Levels of 
alloxanthin (cryptophytes) reached a maximum in April 1998 and lagged somewhat behind 
the summer maxima in most other pigment levels in February 1998. From March to October 
1997 cryptophytes were absent and were detected at low levels until they increased during the 
spring bloom in November 1998. Chlorophyll b ('green algae') increased from September to 
October 1996 and reached a maximum in November 1996, which clearly preceded the 
chlorophyll a maximum in January 1997. By then, chlorophyll b was already decreasing and 
remained low for the rest of 1997 with no elevated levels detected during the spring cruise in 
October 1997. However, in February 1998, the highest level of chlorophyll b of the study was 
recorded at 0.17 ).Lg/1, which coincided with a maximum of chlorophyll a and most other 
pigments, meaning that, unlike summer 1997, 'green algae' did not precede the summer 
increase in community biomass (chlorophyll a) in 1998. 
Diatoxanthin (non-specific but contained in diatoms, prymnesiophytes and dinoflagellates) 
exhibited higher levels in autumn and winter 1997 than in spring and summer 1996/97 and 
appeared to be correlated to the changes in peridinin levels, which implied that dinoflagellates 
were the source for both these pigments. Levels of lutein/zeaxanthin (cyanobacteria) peaked 
in October 1996 which was before 'green algae' peaked in November 1996 and diatoms in 
January 1997. Cyanobacteria were absent in January 1997. In February 1998 the 
cyanobacteria summer maximum coincided with that of most other algal groups, and by April 
1998 their abundance had increased slightly while the levels of all other algal groups (except 
' for cryptophytes) had decreas~d. Levels of phaeophytin a, a degradation product of 
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chlorophyll a and an indicator of grazed phytoplankton, were generally low in spring, peaked 
in summer and decreased in autumn and winter. An exception was November 1998, when 
high levels of phaeophytin a '}'ere recorded, which again appeared to coincide with the spring 
bloom, suggesting that periods of enhanced phytoplankton growth lead to in increased 
zooplankton grazing activity and presence of degradation products. 
Station C 
Levels of chlorophyll a and fucoxanthin (diatoms) were poorly correlated at station C (Figure 
3.1.61) in contrast to station D (Figure 3.1.59), indicating more significant contributions of 
algal groups other than diatoms to total chlorophyll a. The ~ighest chlorophyll a concentration 
of 2.0 f.Lg/l for the first year of sampling was observed in September 1996 with fucoxanthin at 
a maximum level of 0.59 f.Lg/1 at this time. After that, both these pigments decreased 
significantly and remained low until March 1997 with no summer maximum as seen at station 
Din January 1997. Only in March 1997 was there a small chlorophyll a increase to 1.1 f.Lg/1 
with no visible increase of fucoxanthin or 19-hex (prymnesiophytes). Levels of all three 
pigments were low in winter with only 0.2 f.Lg/1 chlorophyll a in July 1997 and 0.4 f.Lg/1 
chlorophyll a in June 1998. However, in February 1998 chlorophyll a reached a pronounced 
maximum of 3.2 f.Lg/l at this station and levels of fucoxanthin and 19-hex were also relatively 
high at 0.9 and 1.0 f.Lg/1, respectively. The spring bloom observed at station Din November 
1998 was less pronounced at station C (1.8 f.Lg/1 chlorophyll a) but no corresponding increase 
in either fucoxanthin or 19-hex. This suggested that other phytoplankton groups must have 
been responsible for the spring bloom (see below). 
Peridinin (dinoflagellates) showed similar changes over the annual cycle as at station D 
(Figure 3.1.59) except for a higher value in September 1996 for station C. Dinoflagellate 
stocks increased in February and November 1998, which coincided with elevated levels of 
most other algal groups at these times. Violaxanthin (chrysophytes) was not detected before 
July 1997 and was again absent in December 1997 and February 1998. Chrysophytes re-
appeared in April1998 and also contributed, unlike at station D, to the spring 1998 increase in 
the abundance of most algal groups. As was observed at station D, levels of diadinoxanthin 
showed similar changes to those of fucoxanthin, indicating that diatoms were again the main 
source for these two pigments. Alloxanthin ( cryptophytes) was found to be at a relatively high 
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remained absent for one year. The temporal succession (1996-1998) of algal groups 
represented by their marker pigments is schematically shown for this station in Figure 3.1.60. 
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Figure 3.1.60 Succession of algal groups represented by their marker pigment maxima at 
station C. Fuco: fucoxanthin; chl b: chlorophyll b; lut/zea: lutein/zeaxanthin; peri: peridinin; 
19-hex: 19'-hexanoyloxy:fucoxanthin; allo: alloxanthin . 
Like vio1axanthin (chrysophytes), alloxanthin peaked in April 1998 and again in November 
1998. Chlorophyll b ('green algae') exhibited a different trend to that observed at station D as 
they (stocks) decreased from September to November 1996, showed no maximum in February 
1998, but a gradual increase from October 1997 to April1998. Like crypto- and chrysophytes, 
'green algae' also reached a pronounced maximum in abundance in April 1998. An even 
higher 'green algae' abundance was observed in November 1998 which is an indication that 
this phytoplankton group was an important component of the spring bloom at that time. 
Diatoxanthin levels exhibited similar temporal changes over the study period as at station D, 
while lutein/zeaxanthin (cyanobacteria) levels differed in terms of a maximum in spring 1996, 
which occurred in September as opposed to in October 1996 at station D. Furthermore, the 
increase in cyanobacteria in November 1998 was more pronounced than at station D. 
Phaeophytin a was less variable than at station D, indicative of more constant zooplankton 
grazing. 
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All pigment concentrations and hence phytoplankton group abundances were lower at station 
B (Figure 3.1.62) in subtropical water relative to the neritic water stations D and C. In 
October 1996 chlorophyll a was 0.59 !J.g/1, which is comparable to that observed at station C 
at this time (Figure 3.1.61), and decreased to 0.35 !J.g/1 in November 1996. Chlorophyll a rose 
to 0.64 !J.g/1 in January 1997, followed by a gradual decrease through to July 1997. No 
elevated spring chlorophyll a concentrations were observed either in October or December 
1997 but a maximum of 0.97 !J.g/l chlorophyll a was recorded in February 1998, which 
coincided with maxima in the levels offucoxanthin (diatoms) and 19-hex (prymnesiophytes), 
which may have been a small summer bloom. Chlorophyll. a levels did not decrease to such 
low levels in the subsequent autumn and winter periods (April and June 1998) as in the 
previous year. A pronounced maximum of 1.3 !J.g/1 chlorophyll a was reached in the following 
spring in November 1998. 
Fucoxanthin levels (diatoms) at this station were again strongly correlated with those of 
chlorophyll a, except for November 1998, where the level of 19-hex (prymnesiophytes) 
instead of fucoxanthin showed a similar relative increase as for chlorophyll a. During October 
and November 1996 the 19-hex levels varied inversely with those of fucoxanthin: i.e. high 
fucoxanthin and low 19-hex in October and vice-versa in November 1996. This pattern was 
not noted in 1997 (October) nor in 1998 (November). Both these months were characterised 
by 19-hex levels greater than fucoxanthin levels, indicating that the transition from diatom 
dominance to prymnesiophyte dominance observed in spring 1996, may have already 
happened at the time of the spring sampling in 1997 and 1998. 
Dinoflagellates (peridinin) were only present occassionally at this station, e.g. in autumn and 
winter 1997 and in February 1998, coinciding with high abundances of the majority of algal 
groups. Chrysophytes (violaxanthin) were found at very low levels in autumn and winter, and 
once in December 1997. Their significance was less than at stations C and D. Diadinoxanthin 
was again identified as a diatom pigment at this station during the entire study period. 
Cryptophytes (alloxanthin) were present in spring 1996, but were not again present until 
February 1998 and increased further in abundance by April 1998. They remained present at 
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Figure 3.1.62 Variability in algal pigment concentrations at station B between late winter 




















The temporal succession (1996-1998) of algal groups represented by their marker pigments is 
schematically shown for this station in Figure 3.1.63. 
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Figure 3.1.63 Succession of algal groups represented by their marker pigment maxima at 
station B. Fuco: fucoxanthin; chl b: chlorophyll b; lut/zea: lutein/zeaxanthin; peri: peridinin; 
19-hex: 19'-hexanoyloxyfucoxanthin; allo: alloxanthin. 
The changes in biomass of 'green algae' (chlorophyll b) at station B were similar to those at 
station C, except that a maximum abundance was observed in February 1998 as opposed to 
April 1998 at station C. This maximum occurred simultaneously with that of most other algal 
groups. 
Changes in diatoxanthin levels were not correlated with those of peridinin (dinoflagellates) 
and it was unclear which algal group contained diatoxanthin. Cyanobacteria 
(lutein/zeaxanthin) were not present until March 1997 which is in contrast with their 
significant contributions at stations C and D in spring 1996. Cyanobacteria stocks then 
remained at low levels except for two maxima in February and November 1998. Zooplankton 
grazing, based on the proxy phaeophytin a, was generally less than at station C. 
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Station X 
Chlorophyll a levels at this Southland Front station (Figure 3.1.64) exhibited a maximum of 
1.8 J.Lg/l in September 1996., accompanied by a maximum (0.38 J.Lg/1) in fucoxanthin 
(diatoms). Levels of 19-hex (prymnesiophytes) were low at this time but then increased in the 
following month (October 1996), while the levels of chlorophyll a and fucoxanthin had 
decreased considerably relative to September. Except for the spring period, prymnesiophytes 
were the dominant algal group at this station. By November 1996, chlorophyll a levels had 
declined to an unseasonally low value (0.17 jlg/1) which persisted in January 1997, 
contrasting the elevated chlorophyll a levels in this month at station B. In March 1997 levels 
of both chlorophyll a and fucoxanthin reached a second ann"!lal maximum. While the levels of 
these two pigments remained unchanged from July 1997 to February 1998, levels of 19-hex 
varied considerably, showing high levels in mid-winter (July 1997) and in February 1998, and 
remaining at the February 1998 level until November 1998. This trend for 19-hex levels was 
not related to those of either chlorophyll a or fucoxanthin; a pattern which was noted at 
stations B, C and D. In February 1998 the composition of the algal community was different 
at station X compared to the inshore stations as there was no peak in the levels of any pigment 
except for 19-hex and lutein/zeaxanthin (see below). After February 1998, chlorophyll a and 
fucoxanthin levels progressively increased, even in June 1998, which was also not recorded at 
stations B, C and D. 
Dinoflagellates (peridinin) reached a relatively high level in September 1996 and were 
otherwise observed to be most abundant in winter. Chrysophytes (violaxanthin) were only 
identified once in 2 ~ years at this station in December 1997, indicating that this algal group 
is not common in these waters. Temporal changes in cryptophytes (alloxanthin) were similar 
to those of dinoflagellates, i.e. characterised by an increase in September 1996, then pigment 
levels gradually decreasing until cryptophytes were not present in July 1997. They were again 
present in April 1998 and were present until the end of the study. 'Green algae' 
(chlorophyll b) levels were nearly constant from September 1996 until February 1998, 
followed by a steady increase from April until November 1998, a trend which was similar to 
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Figure 3.1.64 Variability in algal pigment concentrations at station X between late winter 

















The temporal succession (1996-1998) of algal groups represented by their marker pigments is 
schematically shown for this station in Figure 3.1.65. 
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Figure 3.1.65 Succession of algal groups represented by their marker pigment maxima at 
station X. Fuco: fucoxanthin; chi b: chlorophyll b; lut/zea: lutein/zeaxanthin; peri: peridinin; 
19-hex: 19'-hexanoyloxyfucoxanthin; allo: alloxanthin. 
Cyanobacteria (lutein/zeaxanthin) were one of the few algal groups at station X to show an 
increase in stocks in February 1998, as mentioned above, and remained at this level in April, 
June and November 1998. Phaeophytin a was not detected during the first half of the study 
and levels from July 1997 to November 1998 were otherwise very low, suggesting little 
impact of zooplankton grazing activity on phytoplankton. 
Station A 
Chlorophyll a concentrations in subantarctic waters at station A (Figure 3.1.66) were slightly 
lower than at station X but the seasonal trends were very comparable, with the exception of 
March 1997. The chlorophyll a maximum in surface waters that had been observed at station 
X in March 1997 was not observed for this station A. Instead low chlorophyll a levels of only 
0.12 J..Lg/1 were recorded at this time for station A. Changes in fucoxanthin levels (diatoms) 
were mainly correlated with those of chlorophyll a; however, in January 1997 diatoms were 
absent, and rather rare in March 1997 (0.006 J..Lg/1 fucoxanthin). Complete absence of diatoms 
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Figure 3.1.66 Variability in algal pigment concentrations at station A between late winter 





















Like at station X, 19-hex levels (prymnesiophytes) were unrelated to those of any other 
pigment and showed similar seasonal trends to those observed for this pigment at station X . 
The temporal succession (1996-1998) of algal groups represented by their marker pigments is 
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Figure 3.1.67 Succession of algal groups represented by their marker pigment maxima at 
station A. Fuco: fucoxanthin; chl b: chlorophyll b; lut/zea: lutein/zeaxanthin; peri: peridinin; 
19-hex: 19'-hexanoyloxyfucoxanthin; allo: alloxanthin. 
Dinoflagellates (peridinin) were only present in spring 1996 and in April, June and November 
1998 at levels similar to station X. Chrysophytes (violaxanthin) were absent at this station and 
are apparently corrfmed to inshore waters. Despite fucoxanthin not being detected in January 
1997, diadinoxanthin was detectable at that time, suggesting that this pigment may also be 
produced by algal groups other than diatoms. The temporal changes in cryptophyte 
(alloxanthin) and 'green algae' (chlorophyll b) levels were similar to those at station X . 
Trends in diatoxanthin levels were similar to those of peridinin and hence may be attributed to 
dinoflagellates, which were only significant in 1998 and at consistently higher levels than at 
station X at that time. Cyanobacteria (lutein/zeaxanthin) did not exhibit a pronounced 
maximum in abundance as observed at station X in February 1998, but remained at a high 
level from February until November 1998. Phaeophytin a was only detectable in 1998 at low 
}' 
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levels. Levels of this pigment progressively decreased from station D to A, suggesting that 
zooplankton grazing on phytoplankton was less common in offshore waters. 
3.1.3.4 Spatial and temporal variability in phytoplankton pigment levels 
The spatial variability along the Southland Front transect for the main pigments chlorophyll a, 
fucoxanthin (diatoms) and 19-hex (prymnesiophytes) in winter (July 1997), spring (November 
1998), summer (February 1998) and autumn (April 1998) is presented in Figures 3.1.68-71. 
Levels of chlorophyll a were generally higher in neritic waters (stations D and C), compared 
to the Southland Current (B),. Southland Fro~t (X) and suba~tarctic waters (A), which (B, X 
and A) showed little seasonal variation. In winter and autumn fucoxanthin showed an inverse 
behaviour to 19-hex: fucoxanthin levels decreased and 19-hex levels increased with distance 
offshore, from station D to A. The levels of both these pigments appeared to follow trends in 
the level of chlorophyll a in spring and summer and decreased with distance offshore during 
these periods, except for higher levels of all three pigments at station C compared to at station 
Din summer. 
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Figure 3.1.68 Spatial variability for selected pigments in winter. Note that the scales for 
pigment concentrations differ between Figures 3.1.68-71. 
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Figure 3.1.69 Spatial variability for selected pigments in spri~g. 
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Figure 3.1. 70 Spatial variability for selected pigments in summer. 
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3.1.3.5 Primary production rates across the Southland Front 
Measurements of primary production rates were carried out during four cruises in winter (17 
June 1998), spring (2 Novembe; 1998), summer (10 February 1999) and autumn (16 March 
1999). The results are presented in Figure 3.1.72 and are further referred to in the Discussion 




















Figure 3.1.72 Primary production rates (on a semi-logarithmic scale) from one discrete depth 
(1 0 m) at stations along the Southland Front transect. 
Primary production was lowest in summer and highest in spring with intermediate levels in 
autumn and winter. In winter and spring, values increased with distance offshore and were 
slightly higher in subantarctic waters. Summer values were comparable at all stations, while 
th~re was no clear spatial trend in production rates in autumn. The entire data set for these 
four cruises (one discrete depth) is presented in Table 3.1.5 and includes hydrographic data, 
levels of dissolved oxygen, macro-nutrient levels, chlorophyll a, primary production rates, 
solar radiation and day length. 
l-
Table 3.1.5 Various properties of the water samples that were used for primary production measurements. T: temperature, S: salinity, Diss 02: 
dissolved oxygen, Chi a: chlorophyll a, PP: primary production, E: total solar radiation for cruise day, DL: day length, ST: subtropical water, SA: 
subantarctic water. All samples were taken from a depth of 10m. 
Season Station T s Water· Diss. 0 2 N03 P04 Si Chla pp E DL 
ec) (psu) mass (mill) (J-tmolll) (~-tmol/1) (!J.mol/1) (!J.g/1) (mgC/m3/d) (mol/m2) (h) 
Winter D 10.4 34.36 neritic 6.3 7.0 0.19 4.9 0.87 18 2.79 8.59 
c 9.9 34.58 nerit./ST 6.3 11.8 0.28 2.6 0.44 16 2.79 8.59 
B 10.1 34.60 ST 6.3 9.9 0.23 3.8 0.61 29 2.79 8.59 
X 8.9 34.41 SA 6.5 13.8 0.48 5.1 0.75 31 2.79 8.59 
A 9.2 34.49 SA 6.5 10.6 0.36 5.6 0.60 70· 2.79 8.59 
Spring D 11.5 34.47 neritic 6.1 2.5 0.36 1.8 4.39 265 4.5.95 14.18 
c 10.5 34.85 nerit./ST 6.3 5.3 0.26 2.0 1.77 244 45.95 14.18 
B 9.9 34.70 ST 6.3 8.7 0.14 3.1 1.36 266 45.95 14.18 
- X 9.7 34.71 ST 6.4 9;0 0.33 2.9 1.48 289 45.95 . 14.18 
A 9.9 34.71 ST 6.3 8.6 0.18 2.2 1.17 418 45.95 14.18 
Summer D 15.1 34.88 neritic 5.7 0.5 0.40 0.52 0.65 4 40.10 14.17 
c 12.7 34.68 nerit./ST 6.0 6.4 0.02 0.10 1.36 6 40.10 14.17 
B 12.3 34.57 ST 6.0 8.0 0.25 0.30 0.64 5 40.10 14.17. 
X 12.7 34.55 ST 6.0 6.2 0.14 0.37 0.67 5 40.10 14.17 
A 12.7 34.45 SA 6.0 6.9 0.20 0 . 0.43 5 40.10 14.17 
Autumn D 15.3 34.60 neritic 5.7 0 0.34 0.70 2.79 40 24.31 12.37 
c 15.0 34.69 nerit./ST 5.7 0 0.39 0.34 2.62 52 24.31 12.37 
B 13.3 34.70 ST 5.9 .1.2 0.41 0 1.93 11 24.31 12.37 
X 13.3 34.71 ST 5.9 2.1 0.39 0 1.56 29 24.31 12.37 





3.2 Dunedin open ocean beach 
3.2.1 Middle Beach 
Regular sampling began on 1 August 1996 and the chlorophyll a and nitrate concentrations at 
Middle Beach from August - December 1996 are shown in Figure 3 .2.1. Chlorophyll a levels 
of ca. 1 flg/1 and nitrate levels of 6-7 f-Lmol/1 were determined during the first 15 days, which 
were comparable to winter reserve nitrate values for coastal waters along the transect across 
the Southland Front (Section 3.1.2). 
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Figure 3.2.1 Surface levels of chlorophyll a and nitrate at Middle Beach in 1996. 
On August 22 (Year Day 235) a steep increase in chlorophyll a to 3.7 flg/1 and a gradual 
decrease in nitrate to 3.9 J.Lmol/1 were observed. Four days later (Year Day 239) nitrate was 
almost depleted (0.3 f-Lmol/1) while chlorophyll a levels had also decreased. A similar scenario 
was again observed one month later on September 17 (Year Day 261) and, to a lesser extent, 
on October 15 (Year Day 290) with an increase in nitrate followed by a sudden rise of 
chlorophyll a and subsequent decrease in nitrate levels. 
Levels of dissolved phosphate in relation to those of chlorophyll a for 1996 are shown in 
Figure 3.2.2. Phosphate levels fluctuated between 0.0 and 0.70 f-Lmol/1 and like those for 
nitrate also appeared to be inversely rel&ted to chlorophyll a levels. Depletion of phosphate to 
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limits of detection appeared to occur just after the first spring chlorophyll a peak levels on 
August 22 (Year Day 235). When chlorophyll a peaked again on Year Days 261, 290 and 
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Figure 3.2.2 Surface levels of chlorophyll a and phosphate at Middle Beach in 1996. 
In 1997, nitrate levels (Figure 3.2.3) reached a maximum of 5.8 J..tmol/1 on January 17 (Year 
Day 17) with a corresponding chlorophyll a level of 1.0 J..tg/1, which then increased rapidly 
an~ peaked at 4.7 J..tg/1 chlorophyll a on January 23 (Year Day 23), while by this time, nitrate 
levels had decreased to 2.2 J..tmol/1. By January 31 (Year Day 31) nitrate had decreased to 
0.3 J..tmol/1 and chlorophyll a remained high at 4.3 j..tg/1. After this summer event, chlorophyll 
a levels steadily decreased throughout late summer and autumn and attained a winter 
minimum of 0.5 J..tg/1 on July 26 (Year Day 207) with a corresponding increase in nitrate to 
8.2 J..tmol/1. From this time until September 10 (Year Day 253) nitrate was reduced to 
5.9 J..tmol/1 with chlorophyll a remaining relatively low(< 1 j..tg/1). The onset of a spring bloom 
on September 15 (Year Day 258) resulted in chlorophyll a rising to 3.3 J..tg/1 and nitrate 
decreasing to 2.8 J..tmol/1. On September 21 (Year Day 264) chlorophyll a reached its annual 
maximum (7.8 J..tg/1) with nitrate being further reduced to 1.3 J..tmol/1. Four days later, on 
September 25 (Year Day 268) the bloom appeared to be declining with chlorophyll a at 3.0 
120 
J.lgll and nitrate was almost depleted (0.6 J.lmol/1). By October 2 (Year Day 275) the bloom 
had further declined with chlorophyll a levels down to almost winter levels (0.8 ~tg/1) and 
nitrate remained low at 1.1 J.lmQl/1. Unlike 1996 (Figure 3 .2.1) nitrate levels did not increase 
for the rest of the year, remaining mostly submicro-molar except for small increases 
(temporarily) to 2.4 and 2.3 J.lmol/1 on December 1 and 15 (Year Days 335 and 349), 
respectively. Despite these low nitrate levels, chlorophyll a levels peaked again but to lower 
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Figure 3.2.3 Surface levels of chlorophyll a and nitrate at Middle Beach in 1997. 
Phosphate levels (Figure 3.2.4) show a similar seasonal pattern to those of nitrate (Figure 
3.2.3) in 1997 with high levels (> 0.13 J.lmol/1) in winter and decreased levels due to the 
spring bloom from September 15 to 25 (Year Day 258 to 268). Like nitrate, phosphate 
remained low(< 0.03 J.lmol/1) until increasing to 0.20 ~Lmol/1 on December 1 (Year Day 335). 
Seven days later this was followed by an increase in chlorophyll a levels to 2.2 J.lg/1 on 
December 8 (Year Day 342). 
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Figure 3.2.4 Surface levels of chlorophyll a and phosphate at' Middle Beach in 1997. 
Silicate levels at Middle Beach (Figure. 3.2.5) also followed the seasonal trends in nitrate and 
phosphate levels increasing during winter to 5-7.5 )lmol Si/1, followed by a gradual decline 
during the spring bloom. The lowest silicate concentrations during 1997 (0.5 )lmol/1) were 
recorded towards the end of the bloom on September 25 (Year Day 268). 
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In contrast to nitrate and phosphate levels, silicate levels recovered after the bloom event to 
1.6 f.lmol/1 on October 2 (Year Day 275) and remained at that level until October 24 (Year 
Day 297). During that period c4lorophyll a was constantly low(< 1 f.lg/1). When the level of 
chlorophyll a peaked again between October 29 and November 10 (Year Days 302 and 314), 
silicate decreased to 0.7 f.lmol/1, but gradually increased again to 3.2 f.liDOl/1 by December 1 
(Year Day 335) as chlorophyll a decreased to 0.9 f.lg/1. A similar inverse trend for silicate and 
chlorophyll a levels was observed again between December 8 and 23 (Year Days 342 and 
357) with chlorophyll a levels of 2.2 f.-Lmol/1 and silicate decreasing to 1.2 f.lmol/1 on 
December 15. 
3.2.2 Lawyers Head 
Figure 3.2.6 shows the levels of chlorophyll a and nitrate at Lawyers Head in 1997. Sampling 
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Figure 3.2.6 Surface levels of chlorophyll a and nitrate at Lawyers Head in 1997. 
From September 8 to 10 (Year Days 251 to 253) chlorophyll a levels slowly increased from 
0.4 to 0.5 f.lg/1 and nitrate decreased from 6.2 to 5.1 f.lmol/1. Five days later on September 15 
(Year Day 258) chlorophyll a had incl'eased to 1.4 f.lg/1, while nitrate further decreased to 
,-.f. 
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4.6 f.tmol/1. After another six days (Year Day 264) chlorophyll a reached a maximum of 3.8 
flg/1, and nitrate was almost depleted (0.8 f.tmol/1). However by October 2 (Year Day 275) the 
bloom had declined (0.8 flg/1 ch).orophyll a). Both the levels of chlorophyll a and nitrate then 
remained low ( <1 flg/1 and <1.1 ~tmol/1, respectively) until October 29 (Year Day 302), when 
nitrate abruptly rose to 5.5 f.tmol/1. This increase apparently induced a further bloom with 
chlorophyll a levels peaking at 4.0 flg/l five days later on November 3 (Year Day 307) and 
nitrate was close to exhaustion (0.7 f.tmol/1). Another slight increase in nitrate between 
November 24 and December 1 (Year Days 328 unti1335) to a level of 1.7 f.tmol/1 resulted in 
an increase in chlorophyll a from 1.1 flg/1 on December 1 (Year Day 335), to 1.4 flg/1 on 
December 8 (Year Day 342). 
Chlorophyll a and phosphate levels at Lawyers Head are shown in Figure 3.2.7. By the time 
the spring bloom peaked (3.8 f.tg/1 chlorophyll a) on September 21 (Year Day 264), phosphate 
was totally depleted and remained below detection limit for about 21 days until October 10 
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Figure 3.2.7 Surface levels of chlorophyll a and phosphate at Lawyers Head in 1997. The 
first data point for phosphate on September 10 (Year Day 253), denoted by the arrow, was 
determined to be 1.1 f.tmol/1 and hence is off-scale in this plot. 
124 
After being undetectable for 21 days, phosphate levels then rapidly increased and reached 
0.11 J-Lmol/1 by October 15 (Year Day 288). Chlorophyll a levels peaked for the second time 
in spring on November 3 (Yea~ Day 307), phosphate levels had decreased to 0.05 J-Lmol/1. 
From there on until the end of 1997, phosphate concentrations fluctuated over short time 
intervals between 0.0 and 0.5 J-Lmol/1. After the above described second chlorophyll a peak 
relatively high phosphate concentrations of 0.5 J-Lmol/1 were measured only once on December 
23 (Year Day 357). These fluctuating phosphate levels, also observed at Middle Beach 
(Figure 3.2.4) over the same time period, did not seem to be correlated with chlorophyll a 
which varied between 0.3 and 1.4 J-Lg/1. As for nitrate and phosphate, silicate (Figure 3.2.8) 
concentrations were relatively high (4.7-6.0 J-Lmol/1) before. the spring bloom, but rapidly 
decreased to 0.6 J-Lmol/1 on September 25 (Year Day 268) immediately after the bloom had 
peaked. Silicate increased to 2.1 J-Lmol/1 by October 2 (Year Day 275) and remained at this 
level until the second bloom between October 29 and November 10 (Year Days 302 until 
314 ), which resulted in a silicate decrease to 1.1 J-Lmol/1. 
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Silicate levels then gradually increased to 3.9 J-Lmol/1 on November 24 (Year Day 328), and 
decreased to 0.9 J-Lmol/1 by December 15 (Year Day 349), coinciding with an increase in 
chlorophyll a from 1.1 to 1.4 J.!g/l between December 8 and December 15 (Year Days 342 and 
349). On December 23 (Year Day 357), 'winter' -like conditions with high silicate levels of 
4.8 J-Lmol/1 and chlorophyll a levels down to 0.3 J-Lg/1 were found. 
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3.3 Polar waters south of New Zealand 
This section reports measurements of algal pigments, total organic carbon (TOC) and macro-
nutrients for surface water samples collected during the passage of the RN Nathaniel Palmer 
from Christchurch, New Zealand (43°56'S, 173°33'E) south to the Ross Sea (71 os, 175°33'E) 
during the AESOPS Process-III (P-Ill) cruise in autumn (April/May 1997), and during the 
passage of the RN Roger Revelle from Christchurch to south of the Antarctic Polar Front 
(62°19'S, 170°W) during the AESOPS Survey-I (S-I) cruise in early spring (October/ 
November 1997). Apart from TOC and pigment measurements, the only other underway 
measurements during these transects were determinations of salinity; temperature and macro-
nutrient levels, carried out by other research groups on the .cruises. Preliminary reports have 
been published on this additional data collected during the S-I cruise (Cowles, 1998) and 
other AESOPS cruises (eg. Anderson, 1996; Purkerson and Millero, 1996; Coale, 1998). 
3.3.1 Temperature and salinity 
Plots of surface salinity and temperature versus latitude are shown in Figures 3.3.1 and 3.3.2 
for all three cruise legs. There was a marked decrease in temperatures southwards from 
warmer waters associated with mixing of neritic, subtropical (ST) and subantarctic (SA) water 
to colder polar waters closer to the permanent ice shelf during both the autumn and spring 
periods. The trends in salinity were not so marked and more variable relative to temperature 
but still exhibited a modest decrease southwards. The approximate positions of the Southern 
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Figure 3.3.2 Surface temperature versus latitude for the Process-III and Survey-! cruises. 
Arrows indicate the position of the SAF during the spring and autumn cruises. 
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Table 3.3.1 Approximate positions of Southern Ocean fronts as determined from surface 
temperature data. STC: Subtropical Convergence; SAF: Subantarctic Front; APF: Antarctic 
Polar Front; AD: Antarctic Divergence. 
STC SAF APF AD I 
Autumn I 
Latitude (0 S) <44 53.7 62.5 69 
Longitude (0) - 173.8 E 174.6 E 175.3 E 
T (° C) > 14 8.0 2.5 -0.8 
S (psu) > 34.4 34.1 33.8 34.05 
. 
Spring 
Latitude (0 S) <45 51.9 60.5 -
Longitude (0) - 176W 170W -
T (° C) > 14 7.5 0.5 -
S (psu) > 34.4 34.2 33.95 -
The pronounced gradient in temperature from ca. +7 to -2 °C in autumn and from +2 to -2 °C 
in spring is characteristic of the APF in this region of the Southern Ocean (Gamer, 1958) and 
the mid-point of this decrease was used to define the positions given in Table 3.3.1 for the 
APF during these voyages. The position of the AD during autumn was estimated from the 
opset of a region of constant ·upper ocean temperature (ca. -2.0 °C) which occurred at 
approximately 69 °S. 
The effect of summer warming and winter cooling with an ca. 5 °C higher temperature for 
subtropical and subantarctic water compared to spring is apparent in the temperature data 
shown in Figure 3.3.2. The effect of rapid warming of surface water during early spring is 
also apparent as shown by an increase of up to 1 °C for the same latitude during the 3 weeks 
intervening period between. the southwards and northwards S-I cruise legs. 
The general shape of the plot of surface T versus S data (Figure 3.3.3) suggests the presence 
of three different surface water masses: subtropical water with temperatures and salinities 
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greater than 10 °C and 34.3 psu, Antarctic water with a temperature of ca.- 1 °C and salinity 
> 33.8 psu, and subantarctic water with intermediate T and S values. 
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Figure 3.3.3 Plot of temperature versus salinity for surface waters during the Process-III and 
Survey-! cruises. 
3.3.2 Underway Total Organic Carbon (TOC) 
TOC levels in the range from 43-80 ).!IDOl Carbon/1 were measured in surface waters collected 
d~ing the three cruise. legs (Figures 3.3.4 and 3.3.5). Highest levels were observed in the 
vicinity of the STC in autumn (April 1997) and in spring (October 1997). TOC levels for all 
cruises decreased with increasing latitude and were generally higher in autumn than in the 
earlier of the two spring legs in October 1997. The occurrence of a phytoplankton bloom in 
the vicinity of the APF (61 °S) during the 3 week period between the end of the spring south 
leg (October 1997) and the start of the north leg (November 1997) was reflected in an 
increase in TOC from 45 to 57 J..lmol C /1 at 60.5°S, 170°W. The TOC levels were also 
generally higher when steaming northwards from the APF to New Zealand in November 1997 
than when measured 3-4 weeks earlier with a pronounced maximum being observed in the 
vicinity of 54 °S. 
:.:;,j 
129 
:====---------r==.===.:~~~g.n~ 3.5 •I 
85 I l· . ·- . TOC (Apr. 97) I 3 0 
80 ~ ·~ Process-Ill I--chi a (Apr. 97) 1 • :::::-
75 ~ . : ; t 2.5 ~ 
1 : ' I -
:::::- 70 J . : i 2 0 cu 
- ! • • T . = o 65 ~ : 1 >-
E ! ' ~. 5 .c 
"- 60 ~ : : •. + 1. g-
- ~ ~· • I ""' () 55 ·. ~ ~. ,. ... j_ 1 0 ° 0 . •. • .. 1t • .. ..... __ ..... ~ i • -.. ' .. .. . ...... ._... . ... .. . .t: 1- 50 





43 45 47 49 5.1 53 55 57 59 61 :-6.5 6~ 6·~ ;1 ;3 O.O 
Latitude (0 South) 
Figure 3.3.4 TOC and chlorophyll a levels measured in smface water samples collected in 
autumn 1997. The approximate positions of frontal boundaries as in Table 3.3.1 are indicated. 
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Figure 3.3.5 TOC and chlorophyll a levels measured in surface water samples collected in 
spring 1997. The approximate positions offrontal boundaries as in Table 3.3.1 are indicated. 
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3.3.3 Phytoplankton pigments 
The results of pigment determinations by HPLC are plotted as a function of latitude in Figures 
3.3.7-3.3.12 and also summarise,d in Appendix 7.1. 
Chlorophyll a 
Surface chlorophyll a levels (Figures 3.3.4 and 3.3.5) showed similar general trends as TOC 
levels, i.e. highest in subtropical water and then progressively decreasing southwards for all 
three cruise legs. Within the region of the STC, they were lower in spring than in autumn. The 
increase in TOC levels noted above and associated with the development of a phytoplankton 
bloom in the vicinity of the APF during spring 1997, was ~lso reflected by an increase in 
chlorophyll a from 0.43 to 1.07 ).lg/1 in this region. During spring chlorophyll a levels 
increased in subantarctic water over the latitude range from 51 - 57 ° S and decreased in the 
vicinity of the STC over the four week intervening period between October and November 
1997. The apparent similarity in trends for TOC and chlorophyll a levels with latitude led to 
an investigation of any statistical correlation between these two parameters. Application of 
linear regression (as implemented in Microsoft Excel®, Version 1997) to the data collected 
during the October 1997 leg gave rise to the expression 
TOC (J.lg/l) = 15.7 x chlorophyll a (J.lg/l) + 42.0 ( r2 = 0.74) 
for all sites (n =18 ). Poorer correlations between TOC and chlorophyll a were observed for 
all-sites measured in autumn (n = 25; r2 = 0.41) and for just the sites with high levels of 19'-
hexanoyloxyfucoxanthin (see below) in spring (October 1997) (n =15; r2 =0.29) and autumn 
(n = 15; r2 = 0.45). 
Fucoxanthin 
Levels of this pigment (Figure 3.3.7), indicative of diatoms, decreased markedly across the 
STC in autumn and remained relatively low until the APF was crossed when a significant 
increase occurred, which persisted until the AD was reached; the AD in early April 
corresponded to the approximate northern limit of sea ice. Southwards of the AD, there 
appeared to be a decrease in fucoxanthin levels and thus diatom abundance, until the surface 
water intake on the vessel froze at approximately 71 °S. 
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Figure 3.3.7 Levels of fucoxanthin and 19'-hex measured in surface waters during the 
Process-III cruise in autumn 1997. 
19'- Hexanoyloxyfucoxanthin (19-Hex) 
During autumn, the levels of the prymnesiophyte marker 19-hex appeared to be inversely 
related to those of fucoxanthin e.g. low levels in subtropical water, increasing across the STC 
and then remaining relatively high in subantarctic water until the APF (Figure 3.3.7). This 
inverse relationship was confirmed by regression analysis (r2 = 0.67) between the 19'-hex and 
fucoxanthin levels across all sites on the P-Ill cruise. 
Similar trends were observed during both legs of the S-I cruise in spring 1997 (Figures 3.3.8 
and 3.3.9) although the overall levels of 19'-hex and hence prymnesiophyte stocks were lower 
than observed in autumn. There was a marked increase in 19' -hex in the vicinity of the STC at 
45 °S on the southwards leg in October but this was not observed on the return leg north some 
four weeks later, indicating a decline in prym.nesiophyte stocks in this area. During the 
northwards leg in November 1997 a maximum in 19'-hex levels was observed in subantarctic 
water between 52 and 57 ° Sand was similar to that spatial trend noted above for chlorophyll 
a, indicative of a southward shift of prymnesiophyte populations during these intervening four 
weeks. 
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Figure 3.3.8 Levels of fucoxanthin and 19'-hex measured in surface waters during the 
Survey-! south leg in spring 1997. 
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Figure 3.3.9 Levels of fucoxanthin and 19'-hex measured in surface waters during the 
Survey-I north leg in spring 1997. 
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An r2 value of 0.41 (n = 9) was calculated for the correlation of 19' -hex and fucoxanthin 
levels by regression analysis on the S-I north cruise leg (November 1997) and no correlation 
whatsoever was noted for the S-I south cruise leg (October 1997). 
' 
Chlorophyll b 
Levels of this 'green algae' marker pigment in autumn (Figure 3.3.10) were low in subtropical 
waters and then increased across the entire subantarctic waters before decreasing across the 
APF and remaining low in polar waters. Apparently, subantarctic waters were the preferred 
domain for 'green algae' at that time. In contrast, chlorophyll b levels were high in subtropical 
waters during the cruise leg in October 1997 (see Figure 3.3.11) and then decreased markedly 
across the STC before a pronounced increase in the vicinity of the SAF and a decrease further 
south. One difference between the south and north legs of this S-I cruise was the shift 
southwards and increase in the apparent maximum in 'green algae' abundance from 55 °8 to 
approximately 57 °8 over the four weeks intervening period between these two legs in spring. 
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Figure 3.3.10 Levels of chlorophyll band diadinoxanthin measured in surface waters during 
Process-III in autumn 1997. 
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Figure 3.3.11 Levels ofviolaxanthin and chlorophyll b measured in surface waters during the 
Survey-1 north and south leg in spring 1997. 
Diadinoxanthin 
Levels of this pigment during autumn (P-Ill cruise) (Figure 3.3.10) mirrored those of 
chlorophyll b until the AD was reached where they decreased to lower values for the 
remaining southwards part of the transect Diadinoxanthin usually indicates, together with 
fucoxanthin, the presence of diatoms; however the diadinoxanthin "profile" in Figure 3.3.10 
does not match that of fucoxanthin in Figure 3.3. 7 but rather seems to mirror that of the 
prymnesiophyte marker 19'-hex (Figure 3.3.7). Prymnesiophytes have been observed to 
contain diadinoxanthin in addition to 19'-hex (Andersen et al., 1996). Diadinoxanthin levels 
during the S-1 spring cruise (data not shown) showed similar trends, again mirroring those of 
19'-hex down to the APF with a marked increase across the SIC on the southwards leg and a 
general increase throughout the northwards leg compared to the earlier southwards leg. 
Violaxanthin 
This pigment, indicative of chrysophytes, was not detected during the P-Ill cruise in autumn. 
However during the southwards transect in spring, violaxanthin levels were relatively high in 
subtropical waters (Figure 3.3 .11) and then decreased to below detection limits before 
• 
reappearing in the vicinity of the SAF (50 -51 °S). They then remained fairly constant until 
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the APF (60 °S) was crossed, after which they were again undetectable. Violaxanthin was 
only detected at one station (56 °S) between the APF and SAF on the spring northwards 
transect. Apparently chrysophytes only occur at certain times of the year and are not found in 
·' 
polar water south of the APF. 
Peridinin 
Levels of this dinoflagellate marker were variable in surface waters during the southward 
transect in autumn (see Appendix, Table 2). However there did appear to be a broad peridinin 
peak around the vicinity of the SAF at 53 °S and a decrease as the APF was crossed at 63 °S. 
Peridinin levels were low in subtropical waters sampled during the southward transect in 
spring (see Appendix 7.1) · and then increased· once the STC had been crossed before 
decreasing to undetectable levels further south than the SAF. During the northwards transect 
in spring (November 1997), there was an increase in peridinin levels in the vicinity of the 
APF and a maximum at the SAF. It seems that dinoflagellates were mainly present in the 
vicinity of frontal boundaries (STC, SAF and APF). 
Phaeophytin a 
This was the only phaeopigment detected using the HPLC protocol employed in this study 
(see Materials and Methods Chapter) and indicates the presence of faecal pellets and/or that 
phytoplankton has been grazed by zooplankton. Relatively high levels were detected in 
subtropical water during autumn 1997 (Figure 3.3.12) which increased to a maximum in the 
. . 
vjcinity of the SAF before declining to becoming undetectable south of the PF. 
With the exception of nearly zero levels in the vicinity of the STC, the trends in phaeopigment 
a levels observed during both transects in spring 1997 (Figure 3.3.12) were similar to those 
observed in autumn with a broad maximum detected in the vicinity of the SAF at around 
55 °S and undetectable levels at the APF and further south. This trend appeared to be shifted 
1 ° southwards and phaeophytin a levels had increased at all sites during the four weeks 
period between the north and south transects. 
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Figure 3.3.12 Levels of phaeophytin a measured in surface waters during Process-III in 
autumn and Survey-I in spring. 
Using the locations of the fronts given in Table 3.3.1 and the marker pigments for specific 
phytoplankton classes in Table 1.2 (Introduction Chapter), spatial distributions of major 
phytoplankton classes were derived for both the autumn and spring cruises as shown in Table 
3.3.3. The low levels of peridinin, alloxanthin and lutein/zeaxanthin (data for these three 
pigments not shown) and phaeopigments (Figure 3.3.12) measured for all cruises compared 
to the levels of fucoxanthin and other pigments listed in the Appendix 7.1, suggested that 
dinoflagellates, cryptophytes, chlorophytes and grazed phytoplankton were not significant 
c?mpared to diatoms, prymnesiophytes and chrysophytes in this region of the Southern 
Ocean. 

















Plots of nitrate and silicate levels in surface waters as a function of latitude for all three cruise 
legs are shown in Figures 3.3.14 and 3.3.15. Nitrate levels showed a moderate and steady 
I 
increase with increasing latitude while silicate showed a more marked increase south of the 
APF. 
In spring, nitrate and silicate levels were low in subtropical waters and then increased as the 
STC was crossed. Unfortunately no macro-nutrient measurements were obtained during this 
part of the cruise leg in autumn for comparison. Silicate levels showed a greater increase in 
subantarctic water during the austral spring than autumn while the increase in nitrate levels 
was comparable between the two seasons. All three cruise Jegs showed a decrease in nitrate 
levels around the latitude where the SAF is located for the two seasons (see Table 3.3.1). A 
closer examination of the plots in Figure 3.3.15 indicates that this nitrate minimum in the 
vicinity of the SAF, extended further south by several degrees of latitude after the four week 
intervening period between the southwards and northwards S-I cruise legs in the early spring. 
The levels of both macro-nutrients also decreased over the entire range of latitudes during the 
intervening period between these two spring transects. 
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Figure 3.3.14 Levels of nitrate and silicate measured for surface waters on the Process-III 
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Figure 3.3.15 Levels of nitrate and silicate measured in surface waters during the Survey-! 
cruise in spring 1997. 
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Chapter 4 Discussion 
4.1 The Southland Front 
4.1.1 Physical Oceanography- Variability in Salinity and Temperature 
4.1.1.1 Neritic waters 
The upper 10 m of neritic waters at stations D and C consistently exhibited 1-4% lower 
salinities than deeper waters all year which suggests the influence of riverine inflow and 
freshwater run-off from the coast. The Clutha river some 100 km further south has been . 
identified as the main source for this surface freshwater dilution (Murdoch et al., 1990), and 
this reduced salinity effect was found to be more pronounc~d at the most inshore station (D). 
Moreover, this phenomenon was also seasonally dependent and appeared to be most 
prominent in spring, e.g. October 1996, which coincided with elevated river flow (October 
1996: 1060 m3/s; October mean: 630 m3/s) due to snow melt in the Southern Alps, the major 
catchment of the Clutha (Data source: National Institute of Water and Atmospheric Research 
(NIW A), Dunedin). 
When New Zealand and especially Otago suffered from a severe drought in summer 1999 
caused by the "La Nifia" weather pattern, the least significant surface dilution was recorded in 
neritic water at stations D and C in February and March .1999, coinciding with a relatively low 
flow from the Clutha and other Otago rivers (Clutha average flow rate 350m3/sin February 
1999 and 410m3/sin March 1999; mean flow rates are 530m3/sin February and 510m3/sin 
March (Data source: NIWA Dunedin)). Summer 1998 was classified as an "El Nifio" summer 
(El Nifio Southern Oscillation) and led to warmer surface temperatures in neritic waters at 
these stations compared to the 'normal' summer in 1997. 
On several occasions the upper 10 m of neritic waters were observed to be colder than deeper 
waters. Thus, what appeared to be an 'inverse stratification' may also be attributed to riverine 
discharge of a lower temperature than surface oceanic waters. This happened usually in late 
winter, before the upper ocean began to stratify. The seasonal extent over which period waters 
were stratified was longer at the more offshore station C compared to D, i.e. in April1998 the 
water column remained stratified at station C, but not at station D. 
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4.1.1.2 Subtropical and subantarctic waters 
The geographical position of subtropical waters and their boundary, the Southland Front, 
varied both vertically and hori;wntally with season (Table 3.1.2); for example in spring 1996 
and 1998 surface waters at stations beyond the continental shelf were characterised by 
subtropical waters which formed a horizontal layer from 0 to 200 m depth. Below this layer 
subantarctic waters were separated from subtropical waters by a subsurface expression of the 
Southland Front. Jillett (1969) had also observed that the Southland Front was not present at 
the ocean surface over the Otago shelf in spring. In summer and autumn, subtropical waters 
were present at the shelf edge (station B) and also extended seawards beneath warm low-
salinity subaptarctic waters at station X below 60 m depth in January 1997 and below 100m 
inFebruary 1998. This subsurface tongue of subtropical wate~ extended as far offshore as 
station A in December 1997 and was located in a horizontal layer between 150 and 280 m 
depth. These observations are consistent with those of Jillett (1969), who also described a 
subsurface tongue of subtropical water extending into subantarctic waters in summer. He 
reported isohaline and isothermal conditions at all depths throughout the shelf and the shelf 
edge in winter, resulting in distinct vertical boundaries between the water masses. These 
observations could not be confirmed in the present study. Winter hydrographic data was only 
available for June 1998, and showed a narrow horizontal subsurface tongue of subtropical 
water extending into subantarctic waters at stations X and A; however, the winter overturn of 
the water column required to erode these layers may not yet have occurred fully by June 1998. 
4J .1.3 Temperature/salinity relationship of water masses 
In addition to identifying the water masses according to their absolute temperature and 
salinity values (see Chapter 3.1.1), they can also be characterised by plotting the temperature 
versus salinity (T/S). Figures 4.1-4.4 show T/S distributions for winter, spring, summer and 
autumn. In most cases neritic, subtropical (ST) and subantarctic (SA) waters were 
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Figure 4.1 Temperature versus salinity relationships in winter (June 1998) for all depths. 
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Figure 4.2 Temperature versus salinity relationships in spring (October 1996) for all depths. 
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Figure 4.3 Temperature versus salinity relationships in summer (January 1997) for all depths. 
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Figure 4.4 Temperature versus salinity relationships in autumn (April 1998) for all depths. 
Neritic waters (stations D and C) were identified by a broad range of salinities from 33.2 to 
34.6 (not shown below 33.9 for winter, summer and autumn) and a narrow temperature range 
(ca. 2 °C) in all seasons. Subtropical waters (station B) exhibited the opposite trend with a 
narrow salinity range of 34.5-34.7 but a wider temperature range (3 °C). Subantarctic waters 
(station A) were identified by a generally lower salinity and lower temperature than for 
subtropical waters. In winter neritic waters (station D) and subtropical waters (stations C and 




X and A extended into the ST and the SA region of the T -S-plot due to the presence of 
horizontal layers of both these water masses (Table 3.1.2). Both ST and SA waters were 
present at stations B, X and A~n spring 1996 (Figure 4.2 and Table 3.1.2), which explains the 
wide range of values for these stations. The 'kink' in the T-S-plot (Figure 4.2) appears to 
delineate the boundary between ST and SA waters. In summer 1997, neritic waters were 
confined to station D (Figure 4.3), while ST waters were present at station C. The T -S-profiles 
from stations B, X and A are almost congruent since a comparable vertical distribution of 
water masses was identified for these stations (Table 3 .1.2). 
At station X. discrete vertical layers of subtropical and subantarctic waters were identified in 
autumn 1998 (Table 3.1.2). Therefore several data derived from station X were located in the 
T -S-region characteristic for subtropical waters, marked in Figure 4.4, whereas most data for 
station X were congruent with those for subantarctic waters of station A. Subantarctic waters 
were present throughout the water column at station A during April 1998 (Table 3 .1.2). 
The present study extends the earlier observations of Hawke and Hunter (1992) (see Figure 
1.5, Introduction). These authors sampled along a similar transect, although not as far 
offshore, with their most offshore station in 120m depth, which most closely corresponds to 
station C of the present study. It remains doubtful whether they crossed the Southland Front 
and sampled subantarctic waters, especially after a closer examination of their T -S-plot in 
Figure 1.5, which initially appeared similar to Figure 4.1, but assigns a salinity of 34.8 to 
S}lbantarctic waters. This assignation has also been questioned by Butler et al. (1992) and 
besides, it clearly opposes Jilletf s (1969) classification of subantarctic waters (Table 1.1 ), that 
indicates a maximum salinity of 34.5 in winter. Ciotti et al. (1995) also used T-S-plots to 
characterise different water masses in the Atlantic sector of the STC, off the Brazilian coast, 
in winter and spring and reported a similar pattern to that observed in the present study, which 
depicts the regimes of coastal (neritic), subtropical and subantarctic waters. 
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4.1.2 Chemical Oceanography 
4.1.2.1 Neritic waters 
Macro-nutrient levels in neritic waters (stations D and C) were generally lower and exhibited 
a greater annual range than in subtropical waters further offshore. Nitrate, phosphate and 
silicate were depleted in the upper 30 m, especially in summer and occasionally until early 
autumn. Winter reserve values ranged from 5-6 llmol/1 (Station D) and 9-10 llmol/1 (Station 
C) for nitrate, 0.4-0.6 llmol/1 for phosphate (both stations) and from 4-5 llmol/1 (Station D) 
and 8-10 llmol/1 (Station C) for silicate. Despite biological utilisation of silicate in spring, 
silicate levels decreased with depth in spring at these stations, which, together with the low 
surface salinities (see 4.1.1) provides further evidence of the riverine input, since the major 
silicate source to these waters is the Clutha River (Murdo~h et al., 1990; Hawke, 1995). An 
earlier study by Hawke (1989; 1995), over one winter and one summer near the Otago 
Peninsula, reported winter reserve values of 0.5-0.8 for phosphate and values> 4 llmol/1 for 
silicate; nitrate was not examined. The range of these values is comparable to that of the 
present study. 
4.1.2.2 Subtropical and subantarctic waters 
Nitrate levels in subtropical waters (station B) ranged from 4 llmol/1 (summer) to 13 llmol/1 
(winter) in surface waters and from 6 llmol/1 (summer) to 14 llmol/1 (winter) at depth (300m). 
These summer levels are comparable to those observed during a summer survey across the 
STC in the Tasman Sea west ofNew Zealand (Furuya et al., 1986), of 8-9 llmol/1 nitrate, 0.7 
llmol/1 phosphate and 0.5-3 llmol/1 silicate in subtropical and 9-12 llmol/1 nitrate, 0.9-1.0 
llmol/1 phosphate and 2-4 llmol/1 silicate in subantarctic waters. The STC has been more 
thoroughly studied near the Chatham Rise, a submarine ridge some 400 km east of New 
Zealand that constrains its flow and is inferred to be a zone of increased atmospheric COz 
drawdown (Currie and Hunter, 1998) as a result of enhanced biological productivity (Vincent 
et al., 1991; Smith and Hall, 1997; Bradford-Grieve et al., 1997; Chang and Gall, 1998; 
Nodder and Gall, 1998). The results of macro-nutrient measurements in these other studies are 
summarised in Table 4.1., together with levels observed in the present study during 
corresponding months, although in different years. 
~ ,, 
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Table 4.1 Macro-nutrient levels in ST, STC and SA waters in the Chatham Rise area at 10 m 
depth in early winter (June) an,d spring (October), from *Bradford-Grieve et al. (1997). 
Additionally, data from stations B (ST), X (STC) and A (SA) of the present studl from the 
same depth and time of the year are presented. 
Water Nitrate (Jlmol/1) Phosphate (Jlmol/1) Silicate (Jlmol/1) 
mass 
winter spring winter spring winter spring 
ST* 4.1 2.8 0.40 0.30 2.6 2.5 
STC* 9.4 5.2 0.80 0.50 1.7 0.6 . 
SA* 16.1 . 16.6 1.20 1.30 2.5 3.2 
B# 9.9 9.4 0.23 0.40 3.8 3.6 
X# 13.8 9.6 0.48 0.39 5.1 3.7 
A# 10.6 10.5 0.36 0.43 5.6 3.2 
I 
A comparison of these data indicates that in the present study the Southland Front transect at 
its furthermost point east (station A) was not in open ocean subantarctic waters as defined by 
Zentara and Kamykowski (1981). These authors stated that the subantarctic waters near the 
STC are characterised by 'excess' nitrate and 'impoverished' dissolved silicate. The observed 
nitrate and phosphate levels in the present study were ca. 60% of those reported at the open 
ocean site (Chatham Rise). In contrast, silicate levels were lower at this open ocean site than 
at station A; this is further evidence that station A is not in open ocean subantarctic waters. 
Therefore both station X and A should be classified as STC, or rather Southland Front waters. 
As will be discussed later, chlorophyll a levels and primary production rates at station A were 
two to three-fold higher than what would be expected for open ocean subantarctic waters, 
which is typically poor in biological activity and thus characterised by relatively low 
phytoplankton stocks and productivity over the annual cycle compared with STC or ST waters 
(Boyd et al., 1999; Bradford-Grieve et al., 1999). 
Despite the observation that the Southland Front transect may not have entirely reached into 
open ocean subantarctic waters, this work does clarify the results of previous macro-nutrient 
surveys carried out in winter .and s.Jmmer, east of the Otago Peninsula over the inner 
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continental shelf. Hawke (1995), for example, concluded that silicate generally decreases with 
depth and distance offshore and that subtropical shelf waters are a source of silicate to 
subantarctic waters offshore. However, the results in Section 3.1.2 and a winter, spring, 
' 
summer and autumn survey along the same transect by Wails (1995) do not support these 
findings, as silicate was observed to increase with depth and distance offshore, with the 
exception of neritic waters close to the coast. In the present study, the highest silicate 
concentrations of up to 20 j..Lmol/1 were recorded below 400 m depth beyond the shelf edge. 
4.1.2.3 The nitrate/phosphate ratio in seawater 
The distribution and availability of nitrate and phosphate exerts a strong control over primary 
. . ' 
production in the ocean (Lalli and Parsons, 1993). The ratio between these macro-nutrients 
has been found over many years and for different oceanic regions, to be remarkably constant 
both in seawater and in marine plankton. As early as 1934, the atomic ratio for nitrate-Nand 
phosphate-P was determined to be 16:1 (Redfield, 1934) and until recently there has been 
little dispute about the validity of this classic 'Redfield-ratio' (Karl et al., 1993; Sambrotto e~ 
al., 1993b). 
The seasonal variation in the NIP ratio in seawater depends on both the assimilation of macro-
nutrients by phytoplankton and heterotrophic processes involved in nutrient recycling (Jordan 
and Joint, 1998). NIP ratios in seawater were examined for all stations and depths in the 
present study (Figure 4.5). The NIP ratios in November 1996 clearly indicates that different 
'Yater masses can be identified by their distinct NIP 'signatures', so phytoplankton and 
heterotrophic processes must be different in each water mass; this supports the fmdings of 
Walls (1995) along this transect in 1994. In November 1996 (present study) the NIP ratio ir: 
neritic waters ( 5. 7-9 .9) at stations D and C increased in subtropical waters at station B ( 13.1-
14.6) and subantarctic waters at stations X and A (15.1-19.3). As shallow horizontal layers o: 
ST waters were identified above SA waters at stations X and A in November 1996 (see Table 
3 .1.2), several data from these stations are congruent with those of ST waters from station B. 
The magnitude of the observed NIP ratios in subtropical and subantarctic waters are similar to 
those reported in the Indian Sector of the Southern Ocean (Le Jehan and Treguer, 1983), in 
the Wedell Sea (Hoppema and Goeyens, 1999) and in the tropical North Pacific (Karl et al., 
1993). Decreased NIP ratios in neritic waters are typically attributed to denitrification 
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Figure 4.5 Nitrate versus phosphate (dissolved phase). Y-axis: Nitrate (J.tmol/1); X-axis: Phos-
phate (J.tmol/1). The dashed line indicates the Redfield-ratio (16:1). Legend key in bottom right 
panel denotes stations. Note, July 1997 and November 1998 data are for surface waters only. 
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The NIP ratio for subtropical waters in the present study were lower than Redfield (16:1), 
which provides evidence for the mixing of subtropical and neritic waters as they travel 
northwards along the Otago coast. This mixing or modification of subtropical and neritic 
·' 
waters has been suggested by Jillett (1969) based on changes in water temperature of the 
Southland Current waters. The observation of different NIP ratios in the water masses off the 
Otago coast suggests that this ratio may be used as a tracer, similar to T/S characteristics, of 
different water masses. The identification of these water masses using NIP ratios is in 
agreement with those using T/S characteristics at the various stations (Table 3.1.2.) for this 
particular month (November 1996). 
There was, however, not always such a clear grouping of data from the different stations 
according to the water masses they represent. At other times of the year, the waters at all 
stations were below the Redfield-ratio (e.g. September 1996), suggesting preferential use of 
nitrate by the phytoplankton community, while a NIP ratio above the Redfield-ratio (e.g. 
January 1997, June 1998) would suggest that phosphate was the preferred nutrient over 
nitrate, or that ammonium or urea was being taken up. However, in September 1996 the trend 
in the data has a slope greater than the Redfield-ratio; if one considers that the data represents 
a mixing line between water that is close to the original preformed composition and water 
whose composition has been modified by phytoplankton growth due to uptake of nutrients, 
then the slope of this line is the uptake ratio. 
A ~iatom-dominated phytoplankton community preferentially takes up more nitrate compared 
to a flagellate-dominated community that mainly consumes regenerated forms of nitrogen 
(e.g. ammonium, urea) (Chisholm, 1992). Thus periods characterised by a diatom-dominated 
community should coincide with lower NIP ratios (in seawater) than during periods when 
flagellates dominate the population. Using HPLC pigments (Figures 3.1.58-67), this trend of 
diatom dominance and low NIP ratios was confirmed in spring 1996 (all stations), and 1998 
(station D). Conversely, during periods of flagellate dominance (mainly prymnesiophytes and 
'green algae'), the NIP ratio was higher, as observed in summer 1997 (stations C, B, X, A). 
These explanations, however, were not applicable to all periods, as the influence of 
phytoplankton community structure on NIP ratios in seawater may at times be confounded by 




4.1.2.4 The nitrate/silicate ratio in seawater 
The nitrate/silicate (N/Si) ratio is a useful parameter in macro-nutrient-replete manne 
environments to assess the resources available for diatom growth (Schollhorn and Graneli, 
.• 
1996). Diatoms need dissolved silicate to produce their opal skeleton (Lalli and Parsons, 
1993). This nitrate/silicate uptake ratio usually differs from the ambient N/Si ratio in seawater 
and depends on the ambient concentration of the micro-nutrient Fe (Boyle, 1998). In Fe-
replete waters (i.e. phytoplankton growth is not limited by Fe) an N/Si uptake ratio of 1:1 has 
been experimentally determined for diatoms (Brzezinski, 1985; Schollhorn and Graneli, 1996; 
Hutchins and Bruland, 1998), whereas in Fe-limited waters this ratio decreases to ca. 1:3, 
which means diatoms take up three times more Si, relative toN, under Fe-stress (Hutchins 
and Bruland, 1998; Takeda, 1998). Polar waters have been ~bserved to be Fe-depleted with 
respect to phytoplankton needs in the Atlantic sector of the Southern Ocean (de Baar et al., 
1995) and in subantarctic waters south-east of New Zealand (Boyd et al., 1999). 
Consequently, subantarctic surface waters are typically low in silicate while nitrate levels 
remain high (Zen tara and Kamykowski, 1981 ). 
Whenever nitrate and/or silicate are limiting phytoplankton growth, information on their 
absolute levels is needed, otherwise under equally low concentrations of nitrate and silicate 
(e.g. nitrate= 0.5 J.lmol/1; silicate= 0.5 J.lmol/1; and thus N/Si = 1:1), it would be misleading to 
assume ideal conditions for diatom growth. The N/Si ratio in seawater was computed for 
water samples from all stations and all depths in summer (February 1998) and winter (June 
19?8); these periods represent the lowest (summer depletion) and highest nitrate and silicate 
values (winter reserve) over the annual cycle. Figure 4.6 shows the N/Si distribution in June 
1998. Only three data exhibited a ratio < 1; these are in surface waters (0 m) at station D, 
probably due to Si supply from the Clutha River, and the waters below 400 m (data points for 
400 and 600 m) at station A. The majority of the ratios are above unity with an average value 
of N/Si = 2.8 (n = 29), indicating that more Si relative to N has been taken up and that 
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Figure 4.6 Nitrate versus silicate in seawater in June 1998 (winter reserve nitrate and silicate 
concentrations). The dashed line indicates unity. 
A contrasting N/Si distribution was found in February 1998 (Figure 4. 7). Here the summer 
algal consumption of silicate, close to depletion (0.5-1.0 J..Lmol/1 Si) at all stations in the upper 
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Figure 4.7 Nitrate versus silicate in seawater in February 1998. The dashed line indicates 
unity. 
N/Si algal uptake ratios can be estimated by subtracting the summer nitrate values from the 
winter reserve nitrate values, and dividing this difference by that between the silicate winter 










Table 4.2 Molar N/Si algal uptake ratios (averaged for the upper 50 m) for stations along the 
Southland Front transect. 
&tation Molar N/Si uptake ratio 
D 1.0±0.3 
c 4.5 ± 1.9 
B 1.0 ± 0.8 
X 0.8 ± 0.4 
A 0.6±0.5 
Despite relatively high standard deviations for these averaged values (Table 4.2), the N/Si 
uptake ratio 1:1, determined for diatoms in Fe-replete waters (Hutchins and Bruland, 1998; 
Schollhorn and Graneli, 1996) was reproduced for neritic' (station D) and subtropical water 
(station B). The reason for a more than four-fold higher N/Si uptake ratio at station C are 
unclear. Further offshore in Southland Front and subantarctic waters (stations X and A), the 
ratio progressively decreases, which coincides with a decrease in dissolved Fe levels that was 
determined in an earlier study along a similar transect across the Southland Front in autumn 
and spring 1993 (Croot and Hunter, 1998). This thereby explains in part the decrease in N/Si 
uptake ratios towards Fe-poor subantarctic waters (Hutchins and Bruland, 1998; Takeda, 
1998). 
N/Si ratios in seawater (present study) were generally greater than the Redfield ratio of 1:1 at 
all stations (Figures 4.6-7) and averaged 2.8 in winter to 4.4 in summer. These values fell 
within the range reported for the North-East Atlantic (Sieracki et al., 1993), where the 
dissolved N/Si ratio increased from 2.5 to 10.0 within two weeks during a spring diatom 
bloom, due to the rapid depletion of Si relative toN. The pre-bloom nitrate and silicate winter 
levels in surface waters in the NE Atlantic are comparable to those in Southland Front and 
subantarctic waters in the present study (NE Atlantic: 14 J..Lmol/1 nitrate; 5 J..Lmol/1 silicate 









4.1.2.5 Correlations of macro-nutrient levels with salinity 
The ratios of each of the macro-nutrients nitrate, phosphate and silicate versus salinity were 
calculated to examine their water mass affinity and respective seasonal trends in Otago shelf 
.I 
waters. These calculations were carried out for measurements from winter and summer, 
representing the two "end-members" of macro-nutrient levels in terms of winter reserve and 
summer depleted levels. 
4.1.2.5.1 The nitrate/salinity ratio 
Nitrate and salinity appeared to be inversely linearly related in winter with the exception of 
two outlying data associated with low-salinity surface waters at station D (Figure 4.8). This 
inverse linear relationship confirms that subtropical waters ate salty and low in nitrate levels 
(and phosphate; see below), and that subantarctic waters are fresher and high in nitrate and 
phosphate levels (Butler et a!., 1992; Hawke and Hunter, 1992). These trends for macro-
nutrient levels in subtropical and subantarctic waters are also apparent in the dissolved 
nitrate/phosphate ratios (Figure 4.5): both nitrate and phosphate levels are higher m 
subantarctic waters. Moreover, nitrate levels are disproportionally higher relative to 
phosphate, which leads to higher NIP ratios in subantarctic compared to subtropical waters 






















Figure 4.8 Nitrate levels versus salinity in June 1998. The dashed line indicates a linear 
regression with the equation: nitrate= -37.4 x salinity+ 1302.6 (n = 30; r2 = 0.68; p < 0.001). 








No correlation between nitrate levels and salinity was found in summer (February 1998), 
which probably reflects nitrate-uptake by phytoplankton and bacteria (Figure 4.9). Unlike the 
other stations, the ratios at station B were 'clustered' close together, indicating relatively low 
.; . 
variability in nitrate and salinity values for all sampled depths at this station. This indicates a 
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Figure 4.9 Nitrate levels versus salinity in February 1998. 
4.1.2.5.2 The phosphate/salinity ratio 
Phosphate/salinity ratios were calculated for the same samples used for nitrate/salinity ratios. 
The phosphate/salinity ratios for June 1998 yielded an almost identical trend as for 
nitrate/salinity (Figure 4.8) with an apparent inverse linear phosphate/salinity relationship (r2 
= 0.69; p < 0.001) of a similar slope as for nitrate, again excluding data from low saline 
inshore surface water (data not shown). As for nitrate/salinity ratios (Figure 4.9) there was no 
evidence of any correlation between phosphate and salinity in February (data not shown). 
4.1.2.5.3 The silicate/salinity ratio 
The relationship between silicate and salinity (Figure 4.10) in June 1998 was weaker (p < 
0.05) than for nitrate or phosphate and salinity. Silicate levels in neritic (stations D and C) and 
Southland Current waters (station B) appeared to be inversely linearly related to salinity, even 
when including the two outlying data points from station D that could not be fitted into the 
nitrate/salinity and phosphate/salinity correlations. For the Southland Front and subantarctic 














two-step silicate/salinity relationship suggests that subantarctic waters have significantly 
higher levels of silicate than waters further inshore, at least during the winter months. 
No such two-step relationship between silicate and salinity was observed in February 1998, 
when silicate depletion in the upper 50-80 m of the water column led to uniformly low 
silicate/salinity ratios (Figure 4.11 ). Only in waters below the mixed layer at stations X and A 
was there appreciable silicate of 3-8 !lmol/1. 
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The relationships between nitrate, phosphate and silicate concentrations versus salinity for all 
stations (Figures 4.8-11), indicated that only measurements obtained in winter are suitable to 
derive linear relationships between these parameters, because low biological activity in winter 
results in little alteration of these ma~;ro-nutrient concentrations. Due to variable rates of 
:, 










macro-nutrient consumption by phytoplankton in other seasons no clear relationship with 
salinity could be identified (Figures 4.9 and 4.11). In winter, nitrate was 'conservative', i.e. 
inversely linearly correlated ~o salinity and the negative slope approximated by a simple 
.• 
equation (r2 = 0.68). Phosphate was also inversely linear related to salinity in winter. These 
findings agree with macro-nutrient : salinity relationships measured off the south coast of the 
South Island in early winter (Butler et al., 1992), and with hydrographic and macro-nutrient 
measurements off the Otago Peninsula in winter (Hawke and Hunter, 1992). These authors 
described the phosphate/salinity ratio to alternate between linear inverse, linear (positive 
slope), and two-step (i.e. two different linear slopes) behaviour (Hawke and Hunter, 1992; 
Walls, 1995). Silicate exhibited a two-step correlation with salinity, with silicate levels in 
neritic and subtropical waters being inversely and linearly related, while STC andsubantarctic 
waters showed a near vertical silicate/salinity slope above a salinity of 34.4. Hawke (1989) 
reported an inverse linear relationship between silicate and salinity throughout the Otago 
shelf, but, as already mentioned, this transect did not extend to the shelf edge and therefore 
may have missed the high silicate concentrations associated with that region. 
4.1.2.6 Subsurface nitrite maximum (SNM) 
The nitrite maximum observed all-year-round in the present study, at depths between 50 and 
1 00 m at the stations B, X and A, typically occurs within the mixed layer near the base of the 
photic zone and is closely associated with the nitracline (Meadows and Campbell, 1988). The 
main process responsible for the formation of a SNM in oxic oligotrophic seawaters is 
ip.complete assimilatory reduction of nitrate to nitrite by phytoplankton · (Dore and Karl, 
1996). These authors also identified a secondary, less pronounced SNM at 135-155 m depth 
(in the tropical North Pacific), which they attributed to oxidative transformation of 
ammonium to nitrite by bacteria (nitrification). Unfortunately the exact depths of maximal 
nitrite in the present study could not be better resolved due to the limited number of discrete 
samples. The occurrence of SNM has neither been reported by previous studies across the 












4.1.3 Biological Oceanography 
4.1.3.1 Neritic waters 
4.1.3.1.1 Phytoplankton stocks/macro-nutrient trends 
Despite lower macro-nutrient levels than in the water masses further offshore (stations B, X 
and A), neritic waters (stations D and C) exhibited the greatest phytoplankton biomass (as 
expressed by chlorophyll a concentrations) in all seasons, which can be attributed to weaker 
stratification offshore and possibly a more frequent re-supply of macro-nutrients to neritic 
waters from riverine discharge. When nitrate and/or phosphate were depleted in the upper 
. . ' 
ocean(< 50 m) during summer 1997 and 1998; Figures 3.1.27, 3.1.30), levels of chlorophyll a 
were above 2 f..lg/1 and diatoms dominated the algal community at station D (Figure 3.1.59). 
These high chlorophyll a levels despite macro-nutrient depletion appear to represent the end-
phase of a summer bloom that was about to collapse. A lag-phase of several days between 
macro-nutrient depletion and the decline of algal biomass has been observed for example 
during the North-Atlantic Bloom Experiment (Lochte eta!., 1993). Thereby the short-term 
ability of the phytoplankton cells to internally store these macro-nutrients is evident (Lalli and 
Parsons, 1993), or alternatively, the phytoplankton may have used regenerated forms of 
nitrogen instead of nitrate, such as ammonium and urea. A closer look at phytoplankton 
pigment distributions (Figures 3 .1.59 and 3 .1.61) during periods of macro-nutrient depletion 
reveals that the magnitude of most pigment concentrations and the hence the partitioning into 
algal groups were ~affected by this depletion, except for 19-hex (prymnesiophYtes) and 
lutein/zeaxanthin (cyanobacteria) which decreased in January 1997 at station D. Silicate 
levels were low at station D in September 1996 which would suggest a previously enhanced 
growth of diatoms, but the diatom marker fucoxanthin only showed a concentration of 0.22 
f..Lg/1. In October and November 1996 silicate levels decreased with depth, whereas they 
increased with depth in January and March 1997. These observations were not clearly 
reflected in the seasonal change of fucoxanthin levels over these months, however in January 
1997 it had reached a maximum at 0.59 f..Lg/1, indicating an increase in diatom biomass, which 










4.1.3.1.2 Seasonal algal succession 
The ratio of fucoxanthin/chlorophyll a was constant at station D throughout the present study 
which implied that the proport;ional contribution of diatoms to phytoplankton stocks remained 
.• 
unchanged, something that was observed only at this station. The relative changes in levels of 
diadinoxanthin were similar to those of fucoxanthin, which suggests that diatoms were the 
sole source for these two pigments (Andersen et al., 1996). 
In spring/summer 1996/97 pigment levels at station D reached an annual maximum in the 
following order: 
• Lutein/zeaxanthin (cyanobacteria): 
• Chlorophyll b (chlorophytes): 




This provided evidence of a succession pattern of the different phytoplankton groups. 
Interestingly, there was no diatom bloom at station Din spring 1996, or it may have already 
occurred before the station was first sampled in late September 1996. Nitrate levels were ca. 
3 0% of the winter reserve levels at thattime, which further suggests that a significant nitrate 
drawdown, indicative of diatom growth, may have previously occurred. However a diatom 
bloom was observed within neritic waters further offshore (station C, see below). 
Cryptophytes (alloxanthin) peaked in April 1998, lagging behind the February 1998 increase 
in most pigments levels, which was also the time of the highest biomass (chlorophyll a) of 
thls a~ual cycle: ln November 1998 most algal groups except for chrysophytes 
(violaxanthin) contributed to the spring bloom. As opposed to its minor importance in spring 
1996, fucoxanthin was dominant at the time of the spring bloom in November 1998, 
indicating an inter-annual variability in the algal species dominating the spring bloom. A 
similar algal succession pattern as observed in 1996/97 was reported by Klein and Sournia 
(1987) from neritic waters off the French Atlantic coast. These authors observed that several 
nanoplankton groups like chlorophytes, cryptophytes and cyanobacteria peaked during spring 
and preceded the diatom bloom in summer. 
At station C, macro-nutrients were never depleted to levels limiting phytoplankton growth 
(defined as N03 < 0.5 J..tmol/1, P04 < 0.05 J..tmol/1, Si < 0.5 J..tmol/1; Millero and Sohn, 1992) 













3.1.32) and was dominated by diatoms, while dinoflagellates, cryptophytes, 'green algae' and 
cyanobacteria abundance also exhibited an increase. In summer 1997 there was no clear 
maximum in numbers of any J?hytoplankton group, low biomass (0.8 ).!g/1 chlorophyll a) and 
relatively high macro-nutrient levels (e.g. nitrate: 7-8 ).!mol/1) in the mixed-layer. In contrast 
in 1998, a summer (February) bloom was observed at station C with a pronounced maximum 
in the levels of most phytoplankton groups, high biomass (3.2 ).!g/1 chlorophyll a) and lower 
nitrate levels (3-4 ).!mol/1). As sampling was carried out three weeks earlier in 1997 (late 
January) than in 1998, it is possible that the summer bloom observed in 1998 may have been 
missed in 1997. Levels of chrysophytes, cryptophytes and 'green algae' only reached their 
maximum in April 1998, which may indicate an au~ bloom of these phytoplankton 
groups. The spring bloom in November 1998 was riot dominated by diatoms and 
prymnesiophytes as at station D, but by 'green algae', cryptophytes, dinoflagellates, 
chrysophytes, and cyanobacteria. 
4.1.3.2 Subtropical and subantarctic waters 
4.1.3.2.1 Phytoplankton stocks/macro-nutrient trends 
The magnitude of phytoplankton stocks was lower at stations B, X and A than in neritic 
waters and never exceeded 2 ).!g/1 chlorophyll a. The highest chlorophyll a levels were 
recorded during spring 1996 and 1998 at station X. The timing of the spring bloom varied by 
up to two months between different years. In 1997, the spring chlorophyll a peak may have 
been missed and probably occurred after sampling in early October. Apart from spring, 
chlorophyll a remained low ( < 0.5 ).!g/1) in subtropical and subantarctic waters. In the STC 
region over the Chatham Rise the highest chlorophyll a levels (3 ).!g/1) were also reported in 
spring (October), relative to lower winter levels (Bradford-Grieve et al., 1997). It was 
suggested by these authors that those levels are maintained until December and then decrease 
rapidly. The reasons for this decrease in summer are controversial; micro-nutrient limitation, 
zooplankton grazing, sedimentation events and light limitation have been hypothesised 
(Banse, 1996). As only two cruises were undertaken on this 1993 survey (Bradford-Grieve et 
al., 1997), it could not yield the fmer time resolution of the present study, allowing for a more 
detailed investigation of the temporal development of algal biomass particularly during 
• 
















In September 1996 vertical profiles of nitrate, silicate and phosphate levels in subtropical 
(station B) and subantarctic waters (station A) showed a homogeneous distribution down to 
the lowest sampling depth, wh~reas in Southland Front waters (station X) the concentration of 
these macro-nutrients was lower in the surface mixed layer than in deeper waters. This 
indicates that the onset of the spring biological activity and drawdown of macro-nutrients 
occurs earlier at the Front than in the adjacent water masses. Higher levels of chlorophyll a, 
diatoms (fucoxanthin) and dinoflagellates (peridinin) at station X than at station A provide 
further supporting evidence for this interpretation. In the STC region over the Chatham Rise, 
diatoms also dominate frontal waters in spring, whereas adjacent subtropical waters in this 
region are dominated by dinoflagellates and diatoms in spri~g (Chang and Gall, 1998). 
Superimposed on the above phytoplankton stocks/macr9-nutrient trends, changes in the 
magnitude of phytoplankton stocks were at times also physically induced: an initially elevated 
phytoplankton biomass in October 1996 (spring), relative to winter, in surface waters at 
stations B, X and A (0.6-0.8 1-tg/l chlorophyll a) decreased to 0.2-0.3 ~-tg/1 chlorophyll a in 
November 1996. Several weeks of storms preceding (and delaying) voyages at the end of 
November were the probable cause of this decrease~·in chlorophyll a levels, which coincided 
with a deepening of the mixed layer to > 200 m. This decrease in chlorophyll a levels 
appeared to correspond to a concurrent increase in nitrate and phosphate levels at these 
stations. A wind-induced overturn of the water column would re-supply macro-nutrients to the 
upper ocean, and mix phytoplankton from the upper ocean into deeper water, thereby 
decreasing chlorophyll a levels in the upper ocean. Similar effects of such wind-mixing 
events have been observed in spring at the Celtic Sea continental shelf south of Ireland (Rees 
et a!., 1999). These authors demonstrated how a period of phytoplankton growth can be 
interrupted by a wind-induced breakdown of the water column stratification and ensuing deep 
mixing of surface waters. 
Phosphate levels appeared to lag behind nitrate levels in terms of replenishment of macro-
nutrients by winter deep-mixing in subtropical and subantarctic waters. Phosphate levels were 
lower in June than in April 1998 in subantarctic waters (station A) while the opposite was 
observed for nitrate, which may indicate phytoplankton uptake of regenerated forms of N 
(ammonium and urea), rather than nitrate. This macro-nutrient trend is consistent with dino-















(Chisholm, 1992). Chlorophyll a measurements at this station (Figure 3.1.66) confirmed that 
biomass, and hence the inferred utilisation of macro-nutrients, was equal or higher in June 
than in April and thus had no~ decreased to typically lower winter rates. This may explain the 
decrease in phosphate levels from April to June 1998 at station A. 
4.1.3.2.2 Deep chlorophyll a maxima (DCM) 
DCM are commonly observed in the tropical and subtropical oligotrophic oceans where the 
photic zone has low macro-nutrient levels (Claustre and Marty, 1995). Hence the 
phytoplankton in these regions accumulate at the top of the nutricline to utilise occasional 
"pulses" of macro-nutrients. These cells at the top of the nutricline are well-adapted to the low . 
light levels at those depths (McManus and Dawson, 1994) .. Thereby the occurrence of a DCM 
in subtropical waters (station B) can be explained. The reason why DCM also occur in 
subantarctic waters (station A) is not clearly known because macro-nutrients are never 
depleted in subantarctic waters (Figures 3.1.47-50). A potential explanation could be photo-
inhibition of cells in the upper water column because of high subsurface light levels due to the 
lower attenuation coefficient (kPAR) in subantarctic waters relative to subtropical waters 
(Pfannkuche, 1998), forcing the phytoplankton to greater depths. Another- possible reason 
may be the lack of micro-nutrients such as iron in the mixed layer in subantarctic waters 
(Croot and Hunter, 1998; Boyd et al., 1999), which might result in maximum phytoplankton 
abundance near the top of this "micro-nutricline". Due to the formation of a DCM, surface 
chlorophyll a and primary production measurements underestimate total biomass and 
production (Claustre and Marty, 1995), which is critical for- any modelling of primary 
production, unless primary production is low within the DCM. This also holds for estimating 
phytoplankton pigments by remote sensing, which also relies on algorithms based on pigment 
concentrations in the ocean surface (Banse and English, 1997). 
The occurrence of DCM in temperate waters had been previously reported for the Skagerrak 
region of the North Sea (Karlson et al., 1996). The authors found significantly higher primary 
production at the DCM (located at 20-35 m depth) than in the macro-nutrient-depleted surface 
waters, although primary production normalised to chlorophyll a was about equal, suggesting 
that the phytoplankton at the DCM were well adapted to the low light situation. Data are 
scarce on the occurrence of DCM in the New Zealand region. During an oceanographic 














observed in subtropical water at a depth of 60 mat only one station at 43°S. Vincent et al. 
(1991) characterised biological properties of oceanic water masses around the South Island of 
New Zealand in May 1989 an<;l observed a DCM in Cook Strait and off the west coast in the 
Tasman Sea. Whether these DCM in the Tasman Sea occurred in subtropical or subantarctic 
waters is not known as the frontal transition between these water masses is diffuse in this 
region of the Tasman Sea to the west and south-west of the South Island; likewise no reasons 
for their occurrence were suggested (Vincent et al., 1991). No DCM were detected in the STC 
regions off the south and south east coast and over the Chatham Rise in May 1989 (Vincent et 
al., 1991). This is consistent with the results of the present study, which show that DCM 
break down at the end of autumn. The only other recent study of the STC over the Chatham . 
rise that employed in-vivo fluorescence measurements was conducted in June and October 
1993 (Bradford-Grieve et al.,1997; Chang and Gall, 19~8; Bradford-Grieve et al., 1998; 
Bradford-Grieve et al., 1999). Their study may have missed the formation of a DCM, which 
according to the present results are absent during these early winter to early spring months. 
4.1.3.2.3 Seasonal algal succession in subtropical waters 
In subtropical waters (station B) the following phytoplankton succession pattern was observed 
in spring 1996: 
• Fucoxanthin (diatoms): 
• 19-Hex (prymnesiophytes): 
October 1996 
November 1996 
The diatom spring bloom in 1996 did not exhaust silicate levels. However, by late summer 
. · 1997 silicate was depl~ted in the upper 20m at station B, which did not show any effect on 
diatom abundance (based on the proxy fucoxanthin) at that time, but suggested an imminent 
decline in diatom abundance. The spring bloom in November 1998 was clearly dominated by 
prymnesiophytes (19-hex), and three- to four-fold elevated levels of 'green algae' 
(chlorophyll b) and cyanobacteria (lutein/zeaxanthin) were also present. Diatoms 
(fucoxanthin) may have already peaked before November 1998, as was observed in the 1996 
spring period. 
Algal succession patterns in continental shelf regions have been extensively studied, e.g. off 
Tasmania (Harris et al., 1987), on the Faroe shelf in the North Sea (Gaard et al., 1998), and 
in the Celtic Sea off Ireland (Rees et al., 1999). Hydrographic conditions influence 










because they are non-motile; without turbulence their macro-nutrient uptake rates are limited 
by the (slow) diffusion of these macro-nutrients in seawater. Dinoflagellates and 
nanoflagellates are motile and, thus more common in stratified waters (Margalef, 1978; Rees 
eta!., 1998). Given the turbulence on the Otago continental shelf (due to the mixing of water 
masses and the underlying bathymetry of the shelf edge; Heath, 1985) it is not surprising that 
blooms are at least initially dominated by diatoms. However, macro-nutrient concentrations 
also influence algal succession; in terms of nitrogen utilisation for example, diatoms 
preferentially utilise nitrate, whereas dino- and other flagellates preferentially use ammonium 
(Chisholm, 1992). Although ammonium levels were not determined in the present study, it 
has been noted above that dissolved nitrate/phosphate ratio~ and hence relative nitrate levels 
were lower during periods of diatom dominance than during flagellate dominance at any 
given station/water mass. Moreover, macro-nutrient uptak~ is more effective in small cells 
than in large cells because the former have a higher surface area per volume (Ki0rboe, 1993). 
Thus it has been suggested that large-celled phytoplankton common in spring are 
outcompeted by smaller species when macro-nutrient concentrations become lower (Gaard et 
al., 1998). This interpretation appears to be applicable to the above algal succession pattern 
of the present work: the spring bloom begins with diatom dominance and is followed by 
nanoflagellates, in this case prymnesiophytes. Furthermore Gaard eta!. (1998) observed that 
the growth rates of diatoms are significantly reduced when silicate concentrations fall below 
2 JlmoVl. Sieracki et a!. (1993) confirmed a phytoplankton community composition shift 
from diatoms to nanoflagellates during the later part of the bloom in the Joint Global Ocean 
Flux Study (JGOFS) North Atlantic spring bloom experiment in 1989, due to a depletion of 
silicate in surface waters with persistently high nitrate levels . 
4.1.3.2.4 Seasonal algal succession in Southland Front/subantarctic waters (stations X and 
A) 
In Southland Front waters (station X), a similar algal succession pattern as in subtropical 
waters was observed for diatoms and prymnesiophytes in spring 1996; however, 
dinoflagellate (peridinin) and cryptophyte pigments ( alloxanthin) also peaked in early spring 
1996, but were four-fold lower than diatoms pigments. The spring bloom in November 1998 
was dominated by diatoms and prymnesiophytes, accompanied by increased 'green algae' 
(chlorophyll b) abundance. In winter prymnesiophytes dominated in these waters (19-hex 









Prymnesiophytes are classified as nanoflagellates; nanoflagellates were also observed to 
dominate subantarctic waters both in winter and spring near the Chatham Rise (Chang and 
Gall, 1998). This is typical of High Nitrate Low Chlorophyll a (HNLC) regions that have 
J 
been identified in large parts of the subarctic and subantarctic Pacific (Banse, 1996; Boyd et 
al., 1999) and generally have few phytoplankton cells larger than 10 1-lm, such as most 
diatoms. 
The prymnesiophytes at stations X and A were microscopically identified (see Chapter 
3.1.3.2) to be mainly coccolithophorids, which have characteristic calcite (CaC03) scales, the 
coccoliths, on the cell surface. With the advent of remote sensing of ocean colour by . 
satellites, blooms of species such ~s Emiliania huxleyi are dearly visible over wide areas of 
the ocean, due to the light scattered from the coccoliths (Ai~en eta!., 1992). 
The seasonal trends of species succession in subantarctic waters were comparable to those in 
Southland Front waters, with the exceptions that no elevated biomass was observed in March 
1997 and that diatoms (fucoxanthin) were absent in January and March 1997. This unusual 
absence of diatoms was only observed once at this station and coincided with silicate 
depletion in the mixed layer (see Figure 3.1.51). Silicate levels were not depleted in summer 
1998 (Figure 3.1.52) at any of the above stations which may be explained by relatively higher 
silicate levels in the preceding spring and thus a greater 'reservoir', compared to the previous 
year. 
4.1.3.2.5 Phytoplankton species in subantarctic waters 
Previous knowledge of the taxonomic phytoplankton composition off the South Island east 
coast is limited to the semi-quantitative study of the large celled components: diatoms and 
dinoflagellates, in inshore waters close to Cook Strait (Cassie, 1960), and along a transect 
from Stewart Island to Antarctica (Cassie, 1963). Among the variety of diatom species 
reported in the latter study, two (Chaetoceros spp. and Pseudonitzschia spp.) were also 
identified in subantarctic waters in the present study. A more recent analysis of 
phytoplankton in the STC region over the Chatham Rise (Chang and Gall, 1998) identified a 
number of diatom and dinoflagellate species, but failed to give any detailed information 
about the autotrophic nanoflagellate community. However, there are parallels to the results of 







Chaetoceros spp. (diatoms) and Pyramimonas sp. (prasinophytes) were identified in 
subantarctic waters both near the Chatham Rise (Chang and Gall, 1998) and at the Otago 
shelf-edge (present study). In ~e present study, phytoplankton samples were not preserved as 
they were analysed within 24 hours of collection, and thus the taxonomic phytoplankton 
composition, including the nanoflagellate community was assessed (see 3.1.3.2). Apart from 
various diatom and dinoflagellate species, two prasinophyte species, seven prymnesiophyte 
species and one chrysophyte species were identified. 
4.1.3.3 Primary production along the Southland Front transect 
In contrast to chlorophyll a levels, primary production rates in neritic waters (Stations D and 
' . . 
C) were lower than in the water masses further offshore in winter and spring 1998 (Figure 
3.1.72), although this is based on relatively few (n=4) measurements. In summer 1999, 
primary production rates were very low and of similar magnitude in all three water masses 
along the transect, which can be attributed to summer macro-nutrient depletion over the entire 
transect. Production rates were higher in neritic waters than in offshore waters in autumn 
1999. Levels of chlorophyll a also showed similar trends in summer and autumn 1999 (Table 
3 .1.5). If the amount of carbon fixed per unit time is· coupled with chlorophyll a 
measurements, one obtains a measure of phytoplankton growth rate in units oftime (units are 
assimilated carbon /chlorophyll a /day); this measure is known as an assimilation index and is 
positively correlated to the temperature and levels of dissolved macro-nutrients in the ocean, 
i.e. the assimilation index is highest in high macro-nutrient and high temperature waters, e.g. 
in tropical coastal waters (Cullen et al., 1992; Lalli and Parsons, 1993). Biomass-noimalised 
primary production rates were calculated for all stations and investigated seasons (Table 4.3). 
In winter and spring, biomass-normalised primary production rates exhibited a greater relative 
difference between levels in neritic (stations D and C) and offshore waters (stations B, X and 
A) than primary production rates between neritic and offshore waters (Table 3.1.5); but again, 
this is based on few data. For example during the observed spring bloom at station D in 
November 1998, chlorophyll a concentrations were 4-fold greater than at all other stations 
while primary production was equal or lower, which results in a relatively low value of 60 mg 
C I mg chlorophyll a I day for normalised primary production in spring (Table 4.3). In 
summer and autumn the normalised primary production rates were similar for all stations and 











Table 3.1.5), particularly nitrate depletion in neritic water and silicate depletion in offshore 
waters. 
·' 
The implications of lower normalised primary production in neritic waters than in offshore 
waters in winter and spring are that phytoplankton cells may have a lower maximum rate of 
photosynthesis in neritic waters at least at these times of the year. This may be attributed to 
the higher macro-nutrient levels in offshore waters and/or to differences in the phytoplankton 
species composition, namely the higher percentage of nanoflagellates in offshore waters. 
Nanoplankton (e.g. nanoflagellates) are generally known to have a higher initial slope of 
photosynthesis (M/M, see following section for full definition) than larger cells such as . 
diatoms (Lalli" and Parsons, 1993). · This means that biomass-normalised production at 
equivalent irradiances is higher in nanoplankton-dominate~ waters than in diatom-dominated 
waters, which supports the present findings. Surface water temperature data does not support 
the occurrence of lower normalised production in neritic waters, as temperatures were higher 
in neritic waters than offshore during these winter and spring periods (Table 3.1.5). However, 
one has to bear in mind that these interpretations are based on relatively few primary 
production measurements (one measurement in each of the winter, spring, summer and 
autumn periods), which may not be fully representative of the respective periods . 
Table 4.3 Seasonal changes in primary production normalised to chlorophyll a levels along 
the transect (10m depth). 
Normalised primary production 
(mg C I mg chlorophyll a I d) 
Station winter spring summer autumn 
D 20 60 6 14 
c 37 138 5 20 
B 47 196 8 6 
X 42 195 7 19 
A 116 357 12 14 
----- _____ L_. -
In winter and spring, primary production was higher in subantarctic waters (station A) 
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these times. Hence the biomass-normalised production was considerably higher in 
subantarctic waters than in subtropical waters at these times. There are conflicting reports in 
the literature on this subject. Fpruya et al. (1986) also observed higher normalised production 
in subantarctic than in subtropical water during summer (January) 1984 in the STC region of 
the Tasman Sea. However, in a study of ST, STC and SA waters over the Chatham Rise in 
spring 1993 (Bradford-Grieve, 1995), normalised production rates were reported to be about 
the same in these three water masses at that time. The author reported that 60% of the 
variability in primary production could be explained by the amount of solar irradiation 
received by the phytoplankton. It was acknowledged by Gall et a!. (1999) that fluctuations in 
daily light levels, coupled with the mixing of phytoplankton in situ within the upper ocean, .. 
influence primary production in a way that is difficult to mimic experimentally. Therefore 
daily potential primary production measurements made in ';ill on-deck incubator using natural 
light were regarded as approximations at best, which may in part explain the above 
discrepancies between different studies. Table 4.4 shows surface primary production values 
from the Chatham Rise (Gall et al., 1999) and for the Southland Front transect in the present 
study. For detailed results from this transect see Table 3.1.5. 
Table 4.4 Primary production rates in surface waters (1 0 m depth) for the STC region over 
the Chatham Rise* (from Gallet al., 1999) and for surface waters (10m depth) at stations B, 
X and A off the Otago coast# (present study). Units are: mg carbon I m3 I day. 
Water mass Spring Summer Autumn Winter 
ST* 14-75 5-11 9-30 6-12 
STC* 114-120 7-35 8-18 27-36 
SA* 8-11 4-11 4-7 3-4 
Otago coast# 266-418 5-6 11-29 29-70 
-----·· - ------ , __ ---·-·---
The results for subtropical (station B), Southland Front (station X) and subantarctic waters 
(station A) for the winter and spring periods in the present study exceed the values reported in 
earlier studies from the Chatham Rise, whereas there is good agreement between the summer 
and autumn values reported in the two studies. These differences could be due to the 
relatively few data in the present study and to varying times of sampling, e.g. the spring data 
over the Chatham Rise was obtained in October as opposed to November for the Otago coast. 
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4.1.3.4 Calculation of integrated primary production 
The rates of primary production within the photic layer of the water column may be calculated 
from surface primary produc~ion, chlorophyll a and daily irradiance measurements (Platt, 
1986; Mitchell and Holm-Hansen, 1991; Behrenfeld and Falkowski, 1997). The aim of the 
following calculation is to predict values for integrated water column production, also called 
areal production, as units are mg carbon/m2/day. The parameter areal production characterises 
the entire photic zone and facilitates comparisons between different water masses and oceanic 
regwns . 
In the present study it was assumed that there was no photo-inhibition of primary production 
. ' 
rates at the ocean surface, thus the measured primarj production at 10 m can be assumed to be 
representative of the highest production of the photic Z<?ne (P max), i.e. photosynthesis by 
phytoplankton cells is light-saturated at this depth (1 0 m), which receives ca. 50% of incident 
PAR (Pfannkuche, 1998). The relationship between photosynthesis (P), i.e. primary 
production and light intensity (I) is indicated in Figure 4.12. 
a:.-
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Figure 4.12 The response of photosynthesis (P) to changes in light intensity (I). Ic, 
compensation light intensity, where photosynthesis balances respiration (compensation point); 
K~, the half-saturation constant, or the light intensity at which photosynthesis equals Y2 of 
maximal photosynthesis (P max); P g, gross photosynthesis; P 0 , net photosynthesis; photo-
inhibition = decrease in photosynthesis a high light intensity (from Lalli and Parsons, 1993) . 
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The gradient of the slope between the origin and P max (L\P/ b.I) is known as the initial, light-
dependent slope a. Respiration by phytoplankton consumes photosynthesised carbon and has 
to be subtracted from gross photosynthesis P g to give net photosynthesis P n· The amount of 
irradiance to compensate for this respiratory 'loss' is called the compensation light intensity 
Ic. As short-term 14C-incubations ( < 8 h) were employed in the present study, this subtraction 
is probably not necessary because respiration of 14C02 is only measurable after incubating for 
at least 14-16 h (Laws, 1991). Therefore short-term experiments yield Pg results. 
Maximal rates of photosynthesis (P max) occur when the phytoplankton are light -saturated but 
not inhibited. This saturating light intensity Isat has been assumed to equal the total irradiance 
. ' 
that a phytoplankton sample received during incubation on deck in the present study (area A 
in Figure 4.13). Thus, in order to estimate the daily rate of primary production at 10 m depth, 
the measured primary production value from this incubation must be multiplied by the ratio of 
total daily irradiance (denoted by arrow B) to total irradiance received during incubation (area 
A). By doing so, the production during the 2-6 h incubation is scaled to daily production and 
thus the production rates measured in samples that were incubated for different·periods (and 
hence received different total irradiances) can be compared. 
B 
I 
Dawn Time of day Dusk 
Figure 4.13 Idealised distribution of incident daily irradiance (I) at the ocean surface. Area A 
denotes the total irradiance during incubation period and arrow B the area under the curve = 
total daily irradiance. All incident irradiances measured with the light sensor on deck must be 
divided by 2, in order to account for the 50% light attenuation due to covering the sample 
incubator with one layer of shade cloth. This neutral density screening was necessary to 












Using the calculated values for Pmax and Isat, a simplified P versus I diagram (Figure 4.14), 
based on several assumptions, is constructed. These include, no photo-inhibition in the upper 
water column; at zero irradian.ce P intercepts the origin (no photosynthesis in darkness), i.e. 
respiration or 'dark uptake' is not accounted for; the initial slope a is assumed to be linear, 
despite its usually asymptotic behaviour. By drawing a line from this single data point to the 
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Figure 4.14 A schematic P versus I diagram based on several assumptions. Refer to Figure 
4.12 for definitions of P max and Isat· 
The vertical attenuation of light in the water column is calculated at 5 m depth intervals to the 
base ofthe photic zone(= 1% of incident irradiance) (Figure 4.15) by using Lambert-Beers 
law: 
where 
Iz is the irradiance at the depth Z, 
Io is the incident irradiance, 
Iz = Io x exp( -kxZ) 
k is the light (PAR) attenuation coefficient of the sea water. 
(1) 
k is derived from the surface (10m) chlorophyll a level, which implies that in oceanic waters 
















light attenuation with depth (Mitchell and Holm-Hansen, 1991). These authors modelled kin 
the Southern Ocean using chlorophyll a and the following equation: 
·' 
kpAR (m-1) = 0.078 + 0.0136 x (chlorophyll a+ phaeopigments) (2) 
Units for chlorophyll a and phaeopigments are mg I m3. This equation relies on chlorophyll a 




Figure 4.15 Idealised relationship between light (I) attenuation and depth (Z) in the water 
column, based on equation (1). 
From the light level Iz at each of the depths 0, 10, 15, 20 .... 55 m, the primary production rate 
is calculated by multiplying Iz with a. Integration of these rates of primary production at each 
. . 
discrete depth over the photiC zone using the trapezoidal method (Figure 4.16) according to 
JGOFS protocols yields areal production estimates (JGOFS, 1989). As it was assumed that 



















Figure 4.16 Trapezoidal integration of primary production (P) over depth (Z), using 10 and 
5 m depth intervals. 
Areal production for stations D, C, B, X and A along the Southland Front transect was 
calculated according to the above procedures. The results for the different seasons are 
presented in Table 4.5 and Figure 4.17, together with predicted values obtained by applying a 
published model to the data from the present study. The model is depth-integrated i.e. it 
assumes biomass (chlorophyll a) to be constant with depth within the photic zone'and is based 
on the standard equation ofBehrenfeld and Falkowski (1997): 
Areal Production= chi ax Pbopt x Zeu x DL x F (3) 
where 
chi a is chlorophyll a concentration in the surface waters. 
Pbopt is a photoadaptive variable assumed to be constant at a value of2.5. 
Zeu is the depth of the (eu)photic zone, calculated according to its definition as the depth of 
1% surface light penetration. Using Lambert-Beers law (equation 1) by setting Idllo = 0.01 = 
exp(-kxd) gives d = ln(0.01)/-k. k is derived from equation 2 (Mitchell and Holm-Hansen, 
1991). 
DL is the day length; 
F is an irradiance dependent function given as F = 0.66xE/(E+4.1) (Behrenfeld and 










Table 4.5 Calculated areal production (P calc.) of the present study and predicted areal 
production (P pred.) using the equation of Behrenfeld and Falkowski (1997), for all stations 
during the observed seasons. u;mt of areal production are mg carbon I m2 I d. 
Winter Spring 
Station P calc. P pred. P calc. 
D 304 256 2341 
c 310 138 3495 
B 524 187 4144 
X 553 225 4385 
A 1272 184 6764 
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Figure 4.17 Calculated areal production (present study) versus predicted areal production for 
all stations along Southland Front transect (according to the equation of Behrenfeld and 
Falkowski (1997)). The dashed line indicates unity. A logarithmic scale was chosen for both 
axes due to the wide range of production values (70 to 6800 mg Clm21d). 
The two data sets: calculated (present study) and predicted areal production (from Behrenfeld 
and Falkowski, 1997) were compared statistically. A two-tailed t-Test assuming equal 
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value of 0.519. As the t-value is below the critical value, it means that there is no statistical 
difference between the two data sets. This result may be surprising because some value pairs 
from the two data sets differ by; as much as an order of magnitude. 
4.1. 3. 4.1 Reasons for discrepancy between calculated and predicted areal production 
In winter and spring, the discrepancy between calculated and predicted areal production was 
greatest for subantarctic waters (station A) with five to seven-fold higher calculated values 
compared to predicted values, whereas the agreement progressively improved when moving 
inshore from station A to station D, where the difference was only+ 16% for calculated values 
in winter and -26% in spring. A possible explanation for the. large discrepancy in subantarctic 
waters might be the formation of a deep chlorophyll maximum (DCM) in this water mass (see 
Chapter 3.1.3.1). As the above used calculation of primary production procedure assumes a 
vertically homogeneous chlorophyll a distribution, it was based on an attenuation coefficient 
kPAR that is constant regardless of depth. With the presence of a pronounced DCM- often 
found at a depth of approximately 50 m - this assumption would lead to an errors in the 
calculation of areal production, because the true kpAR would increase with depth due to 
increasing chlorophyll a levels. Thus less light penetrates to a given depth and. consequently 
the depth of the photic zone is reduced. Because a linear initial slope a., i.e. a light : 
production 'conversion factor', was extrapolated (Figure 4.14), less light at depth results in 
less production. Therefore the depth integration of production and calculation of areal 
production in this manner lead to an over-estimation of the latter. Consequently the 
relationship between calculated and predicted production (Table 4.5) would improve if a 
depth-dependent kPAR was accounted for. DCM were not observed in neritic waters (stations 
D and C), but occurred at increasing magnitude (i.e. the difference between chlorophyll a 
levels at the surface and those at the DCM) with distance offshore from station B. This might 
partially explain why the degree of areal production over-estimation also increases from 
station B to station A (Table 4.5) for winter and spring. 
Another aspect relating to the over-estimation of areal production is the observed spatial 
variation in primary production normalised to chlorophyll a along the transect (Table 4.3). 
Behrenfeld and Falkowski's equation (3) is based on suface water chlorophyll a levels, 
whereas the calculation in the present study uses surface production values. It has been noted 










surface production (and hence normalised production) higher in subantarctic waters (station 
A), compared to those further inshore. Therefore the above calculation of areal production 
from surface production may pave yielded higher estimates than those derived from surface 
chlorophyll a (equation 3). 
Calculated values for areal production were less than predicted values during summer and 
autumnn, approximately one order of magnitude less in summer and 3- to 4-fold lower in 
autumn. Macro-nutrient limitation of phytoplankton production may provide an explanation 
for this under-estimation both in summer and autumn (see Table 3.1.5). Nitrate and/or 
phosphate become limiting for phytoplankton primary production, based on the cited levels by 
. . ' 
Millero and Sohn (1992) and the ambient nitrate, phosphate and silicate levels observed in the 
present study in inshore neritic water and silicate in sub~ropical and subantarctic water at 
these times of the year. This macro-nutrient limitation thus affected the areal production at all 
stations/water masses and overwhelmed any influence of DCM formation. Behrenfeld and 
Falkowski's equation (3) does not include any parameter to account for the macro-nutrient 
status of the water but uses irradiance alone and hence predicts higher areal production levels 
for summer and autumn. Light levels are also higher in summer which might skew the 
Behrenfeld and Falkowski (1997) equation further. Implications of macro-nutrient limitation 
of primary production are changes in the algal community in terms of the dominant species: 
as phytoplankton have specific half-saturation constants (Ks) for the uptake of each macro-
. nutrient and also specific maximum growth rates, the competitive advantage shifts between 
. .. . . 
species as macro-nutrient concentrations change. A further consequence of macro-nutrient 
limitation is thus lower species diversity because species with a low Ks will be more 
successful (Fogg, 1975; Lalli and Parsons, 1993). 
Areal production levels from other local coastal areas (e.g. from the east coast of Tasmania) 
and from ocean fronts such as the STC in the Chatham Rise region east of New Zealand are 
presented in Table 4.6. The calculated results from the present study for the coastal stations D 
and C are in good agreement to those obtained in coastal waters (< 16 km from shore; 
<200m depth) near the Tasmanian east coast (Harris et a!., 1987) in winter and spring. 
Calculated areal production in subtropical waters (station B) was ca. two-fold higher in winter 
and spring than the maximum measured values reported for subtropical waters near the 











production was lower in summer and autumn, compared to the Chatham Rise region. The 
comparison of areal production values is similar for Southland Front waters (station X) and 
STC waters over the Chatham ;Rise, with two-' fold higher calculated values in winter and four-
fold higher calculated values in spring at station X than in the STC. However, in summer the 
calculated values were lower at station X than in STC waters over the Chatham Rise, but 
levels were comparable in both regions in autumn. Differences between these regions are 
larger for subantarctic waters (station A). Calculated values were four-fold higher in winter 
and ten-fold higher in spring than measured values in subantarctic waters near the Chatham 
Rise and in the SW Pacific. The exceptionally high calculated production values at station A 
in spring may be attributed to its proximity to the Southlan? Front at that time(Table 3.1.2). 
Calculated values for summer were again lower at station A compared to measured values in 
subantarctic waters near the Chatham Rise and in the SW ,Pacific, while autumn levels were 
similar. 
Table 4.6 Areal primary production (in mg C I m2 I d) in other coastal and oceanic regions. 
Water Region Spring Summer Autumn Winter Reference 
mass 
ST Chatham Rise 625-2368 261-598 510-512 100-197 1, 2 
STC Chatham Rise 977-995 253-638 134-438 249-275 1, 2 
SA Chatham Rise 230-587 155-462 230-348 28-62 1, 2 
SA SWPacific 350-650 - 350-650 - 3 
Coastal Tasmania 2880 - - 336 4 
I 
~--
1: Gallet a/., 1999; 2: Bradford-Grieve eta/., 1997; 3: Boyd et al., 1999 (SW Pacific south of 
the Chatham Rise); 4: Harris et al., 1987. 
4.1. 3. 5 Calculation of annual primary production and macro-nutrient consumption across the 
Southland Front 
As the Middle Beach chlorophyll a data (Figure 3.2.3) offers the most comprehensive data set 
with the best temporal resolution over the annual cycle, it was used as a 'template' to 
extrapolate production at each station along the Southland Front transect for an annual cycle. 
It was assumed that there was no spatial variation between stations (and hence water masses) 
• 





production. The calculated daily areal production values in Table 4.5 supplied a data point for 
each of the winter, spring, summer and autumn periods, which were scaled to total daily 
irradiance values (1998/99) froVJ- the local weather station (Materials and Methods Chapter 
2.2.7.2), to yield four season-specific irradiance-production conversion factors. Using these 
factors, production was then scaled to irradiance for the year (1 January to 28 February = 
summer; 1 March to 31 May = autumn; 1 June to 24 October = winter; 25 October to 7 
November= spring; 8 November to 31 December= summer). For the spring period, a shorter 
time interval was assigned, as the spring bloom lasted for about 14 days, according to the 
chlorophyll a data from Middle Beach, and it was assumed that the sampling cruise on 2 
November 1998 (Year Day 305) caught the peak of the bloom, i.e. maximum production . . 
Figure 4.18 shows this extrapolation for station D. Analogous extrapolations were carried out 
for stations further offshore, although this coastal 'template' may be less applicable 
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Figure 4.18 Areal production over the annual cycle at station D, extrapolated from discrete 
values. Areal production is given in molar carbon units in order to calculate molar macro-
nutrient consumption (see below). 
By adding the areal production for each day of the year, it was possible to calculate annual 
primary production (i.e. carbon fixation) at each station (Table 4.7.a). Using the Redfield-ratio 
of C:N:P = 106:16:1 (Redfield, 1934), the molar annual nitrate and phosphate consumption 













was calculated from these annual primary production estimates. To calculate the magnitude of 
silicate uptake by phytoplankton, particularly diatoms, one has to take into account that the 
C:Si conversion ratio depends, on iron availability in the water (Takeda, 1998). Neritic and 
subtropical waters are generally considered to be Fe-replete (Croot and Hunter, 1998); for 
such conditions a C:Si ratio of7.7:1 has been determined (Brzezinski, 1985) and was applied 
to production values at stations D, C and B. There is evidence that phytoplankton growth in in 
subantarctic waters is Fe-limited (Boyd et al., 1999), which results in a two to three-fold 
higher Si uptake by diatoms with an average C:Si ratio of3.4:1 (Hutchins and Bruland, 1998). 
This ratio was used to convert annual primary production into annual silicate consumption at 
stations X and A (Table 4.7.b). 
Eppley and Peterson (1979) reviewed annual primary prod~ction in different water types and 
report values for inshore waters of 124 g C 1m2 ly, which is comparable to the estimates of the 
present study for the inshore stations D and C. More location-specific data are listed in 
Longhurst et al. (1995), who partitioned the global ocean into 57 biogeochemical provinces 
and give a value of 312 g C 1m2 ly for New Zealand coastal waters, 136 g C 1m2 ly for the 
southern STC province, and 120 g C 1m2 ly for the southern subantarctic province. The 
estimates of the present study are about 30-50% lower for coastal waters (stations D and C), 
but in good agreement for subtropical I STC water (station B). Values for subantarctic waters 
(station A) are 70% higher in the present study relative to Longhurst et al. (1995), which may 
be due to station A not being in open ocean subantarctic water away from frontal influence. 
Besides, the annual estimate at station A was based on coastal biomass trends over the annual 
) 
cycle, due to the lack of data for a better approximation. For example the spring bloom in 
subantarctic waters may be shorter than the assumed 14 days or possibly not occur at all (due 
to Fe-stress), which might at least partially explain this 70%-overestimation. 
4.1.3.6 Comparison of measured and estimated algal macro-nutrient uptake in spring 
The macro-nutrient consumption during the 14 days spring· bloom at stations along the 
Southland Front transect was estimated from primary production using the above C:N:P:Si 
ratios and is presented in Table 4.7.c and displayed in Figure 4.20. These values can then be 
compared to macro-nutrient consumption during the spring bloom period, derived from 
differences in macro-nutrient levels measured in winter and spring (Figure 4.20). Levels of 











the base of the mixed layer at each station. Although the mixed layer depth shoals from ca. 
200 rn in winter to ca. 50 rn in spring, macro-nutrient levels were integrated to 50 rn depth 
only for both these seasons, as t~e spring bloom will not take place in such a deep mixed layer 
(Marra and Ho, 1993). It was then possible to subtract the integrated macro-nutrient levels for 
spring from those for winter to give the macro-nutrient consumption during the spring bloom 
(Table 4.7.d and Figure 4.20). These subtractions were carried out for spring in 1996, 1997 
and 1998, using the available vertical macro-nutrient concentration profiles. However, 
different sampling months had to be used for each year (September (winter) and November 
(spring) in 1996; July (winter) and October (spring) in 1997; June (winter) and November 
(spring) in 1998), which in a few cases resulted in a negative value for this subtraction. As 
indicated in Figure 4.19, negative values for the difference between winter and spring macro-
nutrient levels may occur when the "winter" sampling is undertaken before the complete 
overturn of the water column and replenishment of macro-nutrients in the mixed layer. If the 
"spring" sampling is then carried out relatively soon after beginning of stratification, the 
macro-nutrient levels may be only slightly lower than the winter reserve levels (curve 
maximum in Figure 4.19) but higher than the measured "winter" levels, leading to a negative 
value for the difference winter-spring. All negative values were omitted and the positive 




Figure 4.19 Schematic changes in macro-nutrient levels over the year. Levels in "spring" 











Table 4.7 a) Extrapolated annual primary production estimates (carbon values are given both 
in grams for comparison to published values and in mol for the subsequent calculation of 
molar carbon : macro-nutrient ratios); b) annual macro-nutrient uptake calculated from 
; 
primary production; c) macro-nutrient uptake during spring bloom, calculated from primary 
production; d) macro-nutrient uptake during spring bloom, derived from macro-nutrient 
measurements. 
D c B X A 
a) Annual primary production 
P (g C/mJ./y) 159 204 115 188 202 
P (mol C/m''/y) 13 17 10 16 17 
' 
b) Annual macro-nutrient uptake derived .from primary production using C:N:P:Si ratios 
N03 (mol/mJ./y) 2.0 2.6 1.5 2.4 2.5 
P04 (mol/m2/y) 0.12 0.16 0.09 0.15 0.16 
Si (mol/mL/y) 1.7 2.2 1.2 4.6 4.9 
c) Spring macro-nutrient drawdown derived .from primary production using C:N:P:Si ratios 
N03 (mmollmJ.) '486 503 858 908 1404 
P04 (mmollm2) 30 31 53 57 87 
Si (mmol/mJ.) 416 431 736 778 1204 
d) Spring macro-nutrient draw down derived from macro-nutrient data 
N03 (mmol/mJ.) 227 240 188 163 144 
P04 (mmol/mJ.) 9 8 9 5 9 
Si (mmol/mJ.) Ill 39 48 97 108 
The agreement between the spring macro-nutrient utilisation derived from primary production 
estimates to that derived from changes in macro-nutrient levels is closest for neritic waters 
(station D) with two-fold higher nitrate uptake estimates and three- to four-fold higher 
estimates for phosphate and silicate, derived from primary production. Further offshore, the 
discrepancy between estimates and measurements progressively increases with one order of 
magnitude higher estimates for all three macro-nutrients derived from primary production in 
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Figure 4.20 Spring macro-nutrient drawdown derived from primary production (denoted as 
PP) and from changes in macro-nutrient levels between winter and spring (denoted as WS). 
It has been established from phytoplankton pigment data (Chapter 3.1.3.3) that the relative 
contribution of diatoms to algal stocks decreases with distance offshore and that the 
contribution of nanoflagellates, particularly prymnesiophytes, increases with distance offshore 
from station D to A. That might explain why nitrate and silicate uptake derived from primary 
production are overestimated especially for the offshore stations X and A, because 
nanoflagellates do not take up silicate nor nitrate but take up regenerated nitrogen (e.g. 
ammonium, urea) instead (Chisholm, 1992). Moreover, the present estimates do not consider 
herbivorous grazing on phytoplankton and macro-nutrient regeneration/recycling and 
advection in the water-column (Eppley and Peterson, 1979), which may be another reason 
why macro-nutrient uptake values calculated from differences between winter spring macro-
nutrient levels (Table 4.7.d) are too low, compared to primary production-derived estimates. 
Jennings eta!. (1984) calculated springtime primary production in the Weddell Sea from the 
depletion of macro-nutrients between winter and summer and pointed out that such a 
calculation is only accurate when chemical factors like macro-nutrient recycling (see above) 




4.2 Spring blooms and macro-nutrients at Dunedin open ocean beaches 
Phytoplankton blooms in 1997 occurred concurrently at Middle Beach and Lawyers Head, but 
appeared to be more pronoun(1ed (i.e. higher chlorophyll a levels) at Middle Beach. This trend 
might be attributed to the sheltered location of the Middle Beach site (see map in Figure 
1.16), in contrast to Lawyers Head which is more exposed to coastal currents and therefore 
may have weaker stratification and hence slower bloom development (Simpson and Rippeth, 
1993). The original hypothesis (Materials and Methods Chapter 2.1.2), stating that high 
chlorophyll a levels at Middle Beach might be influenced by sewage discharge at Lawyers 
Head, could not be confirmed. Phosphate levels were not significantly higher at Lawyers 
Head than at Middle Beach, which otherwise might indicate any influence of sewage 
discharge. 
The Otago coastal blooms lasted for 10 to 20 days, which is comparable to coastal 
observations elsewhere (such as in Scottish west coast waters (Watts et al., 1998) and off the 
east coast of the Coromandel Peninsula, New Zealand (Bell, 1994)) and were usually 
preceded by high nitrate, phosphate and silicate levels. Between maxima· in macro-nutrient 
levels and a resulting increase in chlorophyll a there was a lag-phase of 5-10 days. The first 
spring bloom in September 1997 totally exhausted phosphate at both sites, which is in contrast 
to persistently high phosphate levels throughout the spring bloom observed in Manukau 
Harbour in northern New Zealand in 1992 (V ant and Safi, 1996; V ant, 1997). Phosphate 
depletion was again observed at both sites (present study) during the second 91oom in 
November. At Lawyers Head this second spring bloom was preceded by a high upper ocean 
nitrate, whereas pre-bloom nitrate and phosphate levels were low at Middle Beach. This 
suggests that the phytoplankton at Middle Beach could still grow and attain high chlorophyll 
a levels without depending on nitrate as the main nitrogen source. It therefore appeared that 
the phytoplankton composition may have shifted from p;edominantly diatoms which take up 
nitrate, to smaller phytoplankton that consume mainly ammonium, urea or nitrite. The third 
phytoplankton bloom in December 1997 involved pronounced increases in chlorophyll a 
levels at Middle Beach, .but was less pronounced at Lawyers Head, despite a nitrate 
concentration of 1. 7 J..Lmol/1 before the bloom. Early summer blooms in December after spring 
blooms (September/October) have also been reported in coastal waters east of Tasmania, 
Australia, with chlorophyll a levels reaching ca. 1.9 11g/l (Harris et a!., 1987). As in the 




chlorophyll a. However, no correlation between phytoplankton stocks (chlorophyll a) and 
macro-nutrient levels over the annual cycle was reported in an earlier New Zealand coastal 
waters study off the North Island east coast (Taylor and Taylor, 1985). 
In spring 1996 chlorophyll a levels peaked in late August at Middle Beach which was about 
one month earlier than in 1997. The timing of the spring bloom in coastal waters has been 
observed to vary interannually by up to four months (Harris et al., 1987). The time interval 
between the first (September) and second spring chlorophyll a maximum was about four 
weeks in 1996 and six weeks in 1997, when the second bloom did not occur until early 
November. In spring 1996, at Middle Beach both nitrate and phosphate concentrations 
' . 
increased to winter reserve levels within 1-2 weeks after depletion due to the spring blooms. 
Contrasting that, nitrate and phosphate levels in spring 19,97 remained low after the spring 
bloom(s) until early December. 
There are several possible explanations for discrepancies in seasonal macro-nutrient trends 
such as re-supply of macro-nutrients after depletion, between 1996 and 1997. These include 
differences in macro-nutrient inputs to coastal waters from freshwater sources, e.g. the 
Kaikourai, Taieri and Clutha rivers, mixing events, e.g. storms, that may introduce oceanic 
water with higher macro-nutrient levels to the coast. In Tasmanian shelf waters pulses of algal 
growth followed periods of high winds and resulted from input of macro-nutrients 
remineralised in deeper/bottom waters (Harris et al., 1991). Other explanations for macro-
nutrient re-supply may be variations in the levels of additional macro-nutrients due to sewage 
outfall from the municipal wastewater treatment plant in Tahuna, Dunedin, and the upwelling 
of macro-nutrient-rich oceanic bottom waters, which has been observed to occur in spring 
along the north-eastern New Zealand coast, to coincide with elevated chlorophyll a levels 
(Zeldis et al., 1998). Such upwelling processes have also been suggested to occur sporadically 
at the Otago continental shelf edge, but it is not known whether their influence reaches into 
coastal waters (Butler et al., 1992). 
The relative influence of each the above suggested factors is not clear and more 
measurements would be required to determine seasonal changes in macro-nutrient levels in 
the Kaikourai, Taieri and Clutha rivers, analyse weather patterns with regard to marine mixing 
















4.2.1 Nitrate/phosphate and nitrate/silicate ratios in seawater 
As for the Southland Front transect, the nitrate/phosphate (NIP) ratio in seawater was also 
calculated for samples from L~wyers Head/Middle Beach (Figure 4.21 ). This ratio ranged 
from 0 to 100 and was rarely close to the Redfield-ratio (16:1). In autumn and winter the NIP 
ratio was observed to be greater than Redfield, suggesting either 'excess' nitrate or low 
phosphate levels. In spring, especially from October the NIP ratio was often significantly 
below Redfield at both sampling sites and for both years, which would suggest relatively low 
nitrate levels at this time of the year. 
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Figure 4.21 Molar nitrate/phosphate ratio in seawater for Middle Beach (1996, 1997) and 
Lawyers Head (1997). The dotted line denotes the Redfield-ratio of 16:1 (Redfield, 1934). 
Low NIP ratios were also observed for the coastal stations along the Southland Front transect 
(Chapter 4.1 ), particularly in spring, and were attributed to denitrification processes in coastal 
and shelf sediments (Tyrrell and Law, 1997; Jickells, 1998). The nitrate/silicate ratio for 
samples from Middle Beach and Lawyers Head in 1997 (Figure 4.22) ranged from 0.2 to 2.0. 
Autumn and winter were characterised by a higher ratio than spring, which suggests that 
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Figure 4.22 Molar nitrate/silicate ratio of seawater for Middle Beach and Lawyers Head in 
1997. The dotted line indicates a N/Si ratio of unity. 
4.3 The Southern Ocean 
4.3.1 Temperature and salinity characteristics of Southern Ocean water masses and 
fronts 
Water samples were collected in the present study along two N-S and one S-N transects which 
crossed the STC, SAF and APF at the approximate positions of 44-46°S, 52-54°S and 60:.. 
. . 
· 62,0 s respectively. These frontal positions had been established using salinity and temperature 
data in previous studies at various stations in the New Zealand sector of the Southern Ocean 
(Gamer, 1958, 1959; Burling, 1961; Houtman, 1967; Johnson, 1972; Nasu and Morita, 1972; 
Heath, 1975; Heath, 1981; Vincent et al., 1991). Surface water temperatures of 10-14 °C from 
the Christchurch coast down to a latitude of ca. 46 °S were typical of the temperature range 
previously reported for this subtropical region by Gamer (1959). The corresponding salinity 
values for this region in the range of 34.5-34.3 in spring and ca. 34.2 for autumn were lower 
than the range of values (34.7-34.8) quoted by Gamer (1959) for surface subtropical waters in 
this region. However this may be due to fresh water influences associated with the relative 


















These trends of variable surface temperature and salinity values observed in all three transects 
around 52 °S were particularly apparent in both spring transects, and were similar to the 'z-
structure' reported by Lutjeharms and Valentine (1984) in their analysis of surface 
temperatures across the SAF south of Africa. 'Z-structure' refers to the latitudinal temperature 
gradient across the SAF looking like the letter 'Z' lying ori its side and is constituted by a 
slight temperature increase both north and south of the main gradient representing the SAF 
(Lutjeharms and Valentine, 1984). Using a similar approach, the positions of the SAF in 
autumn and spring during the present three transects were estimated as indicated by arrows in 
Figure 3.3.2 and as listed for the SAF in Table 3.3.1 in the Results Chapter. 
The position of the APF at approximately 60-62 °S, 172 °E with a small northwards shift in 
spring compared to autumn and a temperature range of :4.5 - 0.5 °C and salinity of 33.8 -
33.95 was also consistent with previously reported temperature and salinity values for this 
front (eg. Gamer, 1958; Emery, 1977 and references therein). The characteristics of the three 
different STW, SASW, ASW water masses derived from the T-S plots (Figure 3.3.3) were 
comparable with those from the surface components ofT -S plots in other studies in the New 
Zealand sector of the Southern Ocean ( eg. Burling, 1961) and indicative of the warming of 
surface waters in this region of the Southern Ocean over the summer and conversely, cooling 
over winter. 
4.3.2 Total Organic Carbon (TOC) levels in the Southern Ocean south of New Zealand 
The TOC levels measured south of New Zealand were typical of offshore measurements made 
in the Southern Ocean (Kahler eta!., 1997; Carlson et al., 1998) and elsewhere (e.g. Chen et 
al., 1996, Vodacek, et al., 1997) but were lower than the measurements of TOC obtained in 
the Arabian Sea (Hansell and Peltzer, 1998). The near monotonic decreases in TOC 
concentration observed with latitude on the southern heading transects is remarkable, 
especially considering that several major fronts were crossed. In previous studies, pronounced 
shifts of ca. 10 J-Lmol/1 TOC were observed in the Equatorial Pacific (Peltzer and Hayward, 
1996; Hansell and Waterhouse, 1996) and the Arabian Sea (Hansell and Peltzer, 1998) in 
association with changes in water mass. Both of these cases were associated with upwelling 
systems where the surface waters (characterised by relatively high TOC) mixing with 
upwelled waters (characterised by low TOC) produced these pronounced offsets. The lack of 











similar TOC levels in both surface and deep waters (Peltzer et a!., unpublished data) and thus 
a substantial alteration of the surface values was not possible. Similar (and larger) increases in 
TOC levels to that measured d,uring the development of an algal bloom in the vicinity of the 
APF during the present spring transects, have been observed in association with algal blooms 
at Bermuda (Carlson eta!., 1994) and the North Atlantic (Lochte et al., 1993). Under these 
circumstances a proportion of the TOC increase was undoubtedly due to an increase in the 
level of particulate organic carbon (POC) associated with the bloom. Stramski et al. (1999) 
developed algorithms to estimate POC from satellite remote sensing in the Antarctic Polar 
Frontal Zone (APFZ) and the Ross Sea. However no attempt was made to measure the POC 
levels during the present transects. 
4.3.3 Spatial variability in phytoplankton pigments in th~ Southern Ocean 
Chlorophyll a levels decreased three-fold to 0.5 J.tg/1 upon crossing the STC during the spring 
N-S transect, suggesting that enhanced phytoplankton stocks had occurred at the front at the 
start of that cruise in late October and then declined over the four week intervening period 
between the N-S and the S-N return transect. This is consistent with the timing of the spring· 
bloom in the Southland Front region (present study, Chapter 4.2) and in the STC region over 
the Chatham Rise (Bradford-Grieve et al., 1997; Chang and Gall, 1998). The spatial and 
temporal distribution of phytoplankton species observed in the present study in the South-
West Pacific sector of the Southern Ocean is similar to that previously reported for other 
sectors. The spatial coincidence of elevated diatom and prymnesiophyte pigments with the 
locations of the STC, SAF and APF, as determined byCTD and macro-nutrient data during 
all three transcts, further supports the use of pigments as indicators of different water masses 
and fronts as established for other Southern Ocean sectors such as the Indian ( eg. Cailliau et 
al. 1997), and Atlantic ( eg. Burna et al. 1990, Peeken, 1997). When crossing the APF from 
north to south, pryrnnesiophytes changed from high to low levels while diatoms changed 
concurrently from low to high levels, i.e. the opposite trend to that observed at the STC. The 
respective change in phytoplankton dominance that occurred around the positions of the STC 
and APF suggested a dominance of diatoms south of the APF, where silicate levels exhibited 
a pronounced increase (Zentara and Kamykowski, 1981 ). Independent evidence for the 
presence of diatoms in the region of the APF in spring was provided from microscopic 
examination of water samples during the algal bloom observed in this region at the end of the 

















Landry, personal communication). Diatoms mainly dominate the phytoplankton community 
south of the APF, and can be accompanied by high abundance of silicoflagellates as reported 
for the Atlantic sector of the S<;>uthern Ocean (Eynaud et al., 1999). 
Pryrnnesiophytes dominated waters north of the APF in subantarctic surface water as far north 
as the STC where diatoms again became dominant. Chang and Gall (1998) also reported 
diatom dominance in the Chatham Rise region of the STC, which they attributed to a more 
favourable (i.e. lower) dissolved N/Si ratio (cf. Section 4.1.2) than in pryrnnesiophyte-
dominated subantarctic waters to the south. Despite the above floristic change at the APF, 
phytoplankton biomass, as indicated by chlorophyll a .levels, remained approximately 
constant in the vicinity of the APF at least during autumn (Figure 3.3.4). The increase in 
chlorophyll a levels in the vicinity of the APF from 0.3 to 1.0 !lg/1 over a 21 days period 
between the N-S and S-N transects in spring is comparable to the changes observed by 
Cailliau et al. (1997) in the APF zone of the Indian sector over a period of one month and to 
the observations by Laubscher et al. (1993) of strong temporal variability in phytoplankton 
biomass in parts of the Atlantic sector of the Southern Ocean. The decrease in diatoms and 
increase in pryrnnesiophytes (Figure 3.3.7) between 70 and 71 °S appeared to correspond to 
crossing the Antarctic Divergence (AD) during the autumn transect. Elevated numbers of the 
pryrnnesiophyte Phaeocystis antarctica have been reported in the Ross Sea region south of 
the AD in late summer 1992 (DiTullio and Smith, 1996; Longhurst, 1998), which may 
account for the increase in 19-hex levels observed in this region during the N-S transect in 
autumn. 
4.3.4 Latitudinal gradients in macro-nutrient levels 
The range of nitrate and silicate levels in surface waters and their dependence on latitude 
particularly the increase in dissolved silicate from ca. 2 !lmol/1 to more than 50 !lmol/1 in the 
vicinity of the APF during the present study has been commented on in a preliminary voyage 
report of these studies (Cowles, 1998) and for other AESOPS studies ( eg. Anderson, 1996; 
Purkerson and Millero, 1996). These trends in macro-nutrient levels are also similar to those 
reported particularly for other parts of the Southern Ocean as reviewed by Jones et al. (1990). 
Nitrate levels did not appear to be limiting phytoplankton growth in either autumn and spring, 
but increased diatom stocks south of the APF corresponding to a marked increase in dissolved 










seasons is limited by dissolved silicate levels as previously suggested by Laubscher et al. 
(1993) for the Atlantic sector and Cailliau et al. (1997) for the Indian sector of the Southern 
Ocean. However, more recently, diatom growth in subantarctic waters south-east of New 
Zealand has been observed not to be limited by silicate throughout the annual cycle, but may 
be limited by light in winter/early spring and by Fe in late spring/early summer. Co-limitation 
by Fe and Si, or by Si alone has been suggested for the summer period (Boyd et al., 1999). 
4.3.4.1 Nitrate/phosphate and nitrate/silicate ratios in the Southern Ocean 
The molar nitrate/phosphate (NIP) ratio is plotted versus latitude for all three transects (Figure 
4.23) and never exceeded the Redfield-ratio of 16:1 (Redfield, 1934). As the STC was crossed 
from north to south at ca. 46°S, the NIP ratio showed a pronounced increase for both spring 
transects (October and November 1997). As noted for the st~tions along the Southland Front 
transect, the NIP ratio in seawater is usually lower in coastal waters (Figure 4.5) (Tyrrell and 
Law, 1997), which explains the low ratios of 11.0-12.5:1 for stations in the vicinity of 
latitudes 44-45.5°S along these transects. 
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Figure 4.23 Molar nitrate/phosphate ratio in seawater versus latitude for the autumn N-S 
transect (April1997) and the spring N-S and S-N transects (October and November 1997). 
The nitrate minimum in the vicinity of the SAP in spring was also apparent in the horizontal 
NIP profile as a characteristic 'dip' at ca. 53°S. Maximum NIP ratios of 15:1 were recorded at 










4.23). Lower NIP ratios south of the APF corresponded to diatom dominance (derived from 
HPLC pigment analysis) in this region and are attributed to the preferential nitrate uptake by 
diatoms ('new production'; Eppley and Peterson, 1979). This may also explain the higher NIP 
ratios in subantarctic waters between the STC and the APF, which were dominated by 
regenerated N-consuming prymnesiophytes (monitored by their proxy 19-hex). 
The molar nitrate/silicate (N/Si) ratio showed high values of up to 16:1 in the vicinity of the 
STC at approximately 45°S in spring (Figure 4.24), which would suggest silicate-
impoverished surface waters (Zentara and Kamykowski, 1981) possibly due to seasonally 
enhanced diatom growth. In subantarctic waters between 4 7 and 61 °S the N/Si ratio was 
considerably higher in autumn than in spring. At the APF this ratio showed a sharp decrease 
(< 0.5:1) in spring, moving from north to south, which corresponded to the pronounced 
increase in Si when crossing the APF. Le Jehan and Treguer (1985) also reported a N/Si ratio 
of 0.5: 1 south of the APF and a ratio of 4-6: 1 in subantarctic waters north of the APF in the 
Indian sector of the Southern Ocean in autumn. 
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Figure 4.24 Molar nitrate/silicate ratio in seawater versus latitude for the autumn N-S transect 




















4.4 Comparison of results from coastal waters, Southland Front and Southern Ocean 
The present study provides a continuum from neritic Otago waters to the polar waters of the 
Southern Ocean. A comparisoi). of results and seasonal trends between the three study areas of 
this work is limited owing to the largely different properties of the water types and regions 
investigated. Furthermore, it was only possible to carry out some analyses in just one study 
area. For example, primary production and in vivo chlorophyll a was only measured across 
the Southland Front, TOC only in the Southern Ocean and no algal pigments were assessed at 
the Dunedin beaches. However it is possible to compare the temporal variability in 
chlorophyll a and macro-nutrients between the neritic waters (station D) and the Dunedin 
beaches. Winter reserve values of nitrate, phosphate and sil~cate and the winter chlorophyll a 
minimum were similar at both sites, whereas the seasonal chlorophyll a maximum in spring 
was up to two-fold higher at the beach sites. The short-~erm (days/weeks) macro-nutrient 
pulses and subsequent algal blooms observed at the beach sites did not occur at station D, 
which, together with lower maximum values of chlorophyll a, provides further evidence that 
coastal influence such as land runoff etc. does not reach as far offshore as station D (distance 
from shore: 11.7 km). Moreover, there were differences in the timing of algal blooms between 
station D and the Dunedin beach sites: these occurred in late winter/early spring inshore, 
whereas the highest chlorophyll a levels at station D were observed in summer. Smaller 
summer blooms, relative to spring, were also observed at the beaches. Algal spring blooms 
tend to occur earlier inshore than offshore due the greater depth of the mixed layer offshore, 
delaying stratification in spring (Harris et al., 1987). These authors reported inshore algal 
blooms to occur ca. one month earlier than offshore along the east coast of Tasmania. 
Changes in phytoplankton community structure (based on HPLC pigment analysis) when 
crossing the STC from subtropical into subantarctic waters during the Southern Ocean 
transects can be compared to those determined when crossing the Southland Front, which is 
located 'upstream' of the STC (Figure 1.3). In both cases the relative contributions of diatoms 
and chrysophytes decreased while those of prymnesiophytes and 'green algae' increased. 
Such strong gradients in phytoplankton community structure as at the STC and Southland 
Front were also observed across oceanic fronts further south, particularly the APF, and, to a 















Chapter 5 Conclusions and suggestions for future work 
This study has encompassed measurements of the temporal and spatial variation of 
hydrography, macro-nutrients and phytoplankton processes in coastal and oceanic waters. The 
research ranged from studying variability on a scale of weeks at two coastal sites along a 
Dunedin beach, to two-monthly measurements along a transect covering neritic, subtropical , 
and subantarctic waters across the Southland Front, and finally two voyages from New 
Zealand to the Antarctic Polar Front and the Ross Sea. The combined results have extended 
previous measurements in some of these areas and also provided new information on this 
wide range of southern coastal and oceanic waters . 
Southland Front 
Apart from monitoring total phytoplankton stocks, the assessment of phytoplankton processes 
such as community structure and primary production have never been undertaken before in 
this Southland Front region. The study period covered three annual cycles, regarding neritic, 
subtropical and subantarctic water masses, that, are associated with the Southland Front. 
Strong temperature and salinity gradients were encountered when transecting these water 
masses. Nitrate versus phosphate ratios in seawater increased with distance offshore with 
typically lower values in coastal waters and values close to Redfield in subtropical and 
subantarctic waters. Seasonal variation in these NIP ratios were often related to floristic and 
hence shifts in macro-nutrient requirements of the algal community, for example a shift from 
a flagellate-dominated to a diatom-dominated community was related to a decrease in the NIP 
ratio. Nitrate/silicate uptake ratios, derived from differences in the winter and summer N/Si 
ratios in seawater, decreased across the Southland Front, which is consistent with previously 
recorded low Fe levels in subantarctic waters along this transect, as cells take up two to 
threefold more Si relative toN under Fe-deplete conditions. 
Furthermore, it was demonstrated that the onset of biological activity and drawdown of 
macro-nutrients in spring occurs earlier at the Southland Front than in adjacent water masses. 
In neritic waters, algal biomass was highest in summer, and, despite lower macro-nutrient 
levels, generally higher than offshore, which was attributed to weaker thermal stratification 











a mrunmum m spring and summer. Reasons for the occurrence of this feature and the 
implications for water-column integrated primary production estimates were examined. 
Phytoplankton species compo,sition differs between these water masses, for example neritic 
waters were dominated by diatoms throughout the annual cycle, whereas in 'subantarctic 
waters' (the present study did not extend into 'true' subantarctic waters as defined by Zentara 
and Kamykowski (1981)), diatoms were only significant during the spring bloom. At other 
times of the year, the smaller nanoflagellates such as prymnesiophytes, 'green algae' and 
cryptophytes were dominant in 'subantarctic waters'. Together with macro-nutrient and 
chlorophyll a data, these findings support the classification of 'subantarctic waters' as an 
HNLC region, which are typically dominated by nanoflagellates. A comprehensive analysis of 
' 
subantarctic phytoplarikton to species ··level, using electron microscopy, provided new 
information particularly about the nanoflagellate community, which comprises a variety of 
prasinophyte, prymnesiophyte and chrysophyte species. The seasonal algal succession, 
particularly during spring and summer, varied both interannually and spatially between water 
masses . 
Primary production in neritic waters in summer were limited by nitrate and/or phosphate and 
by silicate in subantarctic waters. Levels of silicate were often correlated with diatom 
abundance. In winter and spring, primary production (normalised to chlorophyll a) was higher 
in subantarctic and subtropical waters in the vicinity of the Southland Front than in neritic 
waters and this may be attributed to higher macro-nutrient levels offshore. This disagrees with 
the notion that normalised production is usually higher near the coast than offshore 
(Longhurst et al., 1995); however, these findings were based on a limited number (n=4) of 
primary production measurements. Areal production, derived from surface primary 
production and incident irradiance, was compared to estimates from a published primary 
production model and extrapolated to annual primary production. Despite the many 
assumptions involved, the resulting estimated primary production values were similar to those 
reported for comparable regions, e.g. the eastern coastal and oceanic waters off Tasmania. 
Calculated spring macro-nutrient uptake "budgets", were then compared to the spring macro-
nutrient drawdown, estimated from macro-nutrient measurements, and showed reasonable 
agreement in the diatom-dominated neritic waters whereas for subtropical and subantarctic 
















may be attributed to the significantly higher proportion of nanoflagellates in these waters, 
which do not take up nitrate and silicate but use regenerated forms of nitrogen. 
J 
Dunedin beach sites 
This study, covering two spring periods, showed seasonal changes in macro-nutrient and 
chlorophyll a levels. Possible terrestrial and offshore macro-nutrient sources that influence 
these changes were discussed. The weekly sampling intervals (twice weekly in spring) 
especially allowed for close monitoring of the algal spring bloom, which began between late 
August and late September and lasted for ca. two weeks, leading to temporary macro-nutrient 
depletion. The rapid change of both chlorophyll a and macro-nutrient levels often within a 
week has implications for the frequency of monitoring such chemical species by local bodies. 
For example in issuing a resource consent to discharge waste water into a coastal or estuarine 
environment, the regulatory authority often specifies that the consent-holder shall monitor the 
quality of the waste water at certain time intervals to ensure it does not exceed the 
recommended guidelines. The levels of macro-nutrients such as nitrate and phosphate in 
particular are often assessed in such a process and so if they can change as abruptly as was 
observed in the present study, then it is necessary that the monitoring at least in spring and 
summer should occur no less frequently than. every week in order to obtain an accurate 
'picture' ofthe temporal variation in the levels of these chemical species. 
Southeni Ocean 
Phytoplankton community structure can be used to distinguish different surface water masses 
and oceanic fronts in the New Zealand- Ross Sea sector of the Southern Ocean and was often 
correlated with changes in independent measurements of salinity, temperature and macro-
nutrient levels. Significant differences occurred between subtropical, subantarctic and polar 
surface waters with often strong gradients across the Subtropical Convergence, the 
Subantarctic Front and the Antarctic Polar Front. These spatial changes in the dominant 
classes of phytoplankton and temporal changes such as the development of an algal bloom 
observed in the vicinity of the Polar Front in spring, will influence sedimentation and hence 



















For an accurate estimation of areal primary production across the Southland Front it would be 
necessary to carry out 14C-inc"';lbations over a variety of depths to cover the photic zone, rather 
than just in surface samples. This would require the design of an on-deck incubator with 
compartments with different light shadings to mimic the irradiance levels at the · depths 
sampled. In addition, a vertical irradiance profile should also be obtained, which would avoid 
having to estimate light attenuation with depth using surface chlorophyll a levels as in the 
present study. Another aspect of the present study that needs further investigation is the 
presence of a deep chlorophyll maximum (DCM) that may be observed in subantarctic waters 
in spring, summer and early autumn. The reasons for the formation of this feature in 
' . 
subtropical and tropical waters are known (McManus ·and Dawson, 1994), but the 
mechanisms responsible in subantarctic waters are not clear. Suggested reasons (see 
Discussion) include photo-inhibition of phytoplankton photosynthesis or micro-nutrient (e.g. 
Fe) limitation of phytoplankton in the upper mixed layer which may result in phytoplankton 
accumulation at the base of the mixed layer. 
As for primary production measurements, phytoplankton pigments should also be sampled 
over. a greater range of depths, rather than just at one discrete depth (1 0 m) as in the present 
study. This would provide information about depth distributions of algal groups and, for 
example, to what depth cells may be photo-inhibited; the pigment ratio diadinoxanthin/ 
diatoxanthin can be used as an index of photo-inhibition (Jeffrey et a/., 1997). Of particular 
interest would be the pigment content of cells from the depth of the DCM to assess the degree 
of photo-adaption to low irradiance of these cells. 
Quantitative information on the abundance of each phytoplankton class identified by HPLC 
pigment analysis can be obtained using pigment algorithms (Letelier et a!., 1993; Bidigare 
and Ondrusek, 1996). With these algorithms, chlorophyll a biomass is partitioned among the 
various phytoplankton classes. This will provide a more reliable picture of the phytoplankton 
community, rather than the marker pigment concentrations used in the present study. 
However, the use of these algorithms requires a more comprehensive pigment analysis than in 
the present study, which was limited to a relatively simple binary elution gradient due to 






















ternary gradient such as has been described by Wright et al. (1991) could be applied to 
resolve a greater number of pigments. 
J 
Coccolithophorid species (prymnesiophyte) are frequently observed in subantarctic waters 
and should be studied in more detail. The distribution and abundance of coccolithophorids in 
the World's oceans are receiving increased attention because of their production of volatile 
sulphur compounds such as dimethyl sulfide (DMS), that act as cloud condensation nuclei, 
influencing climate patterns (Malin, 1997). Furthermore, by transporting calcium carbonate 
from the upper ocean to depth, coccolithophorids also play an important role in carbon 
cycling and the 'Greenhouse Effect'. The fixation of carbon to produce these coccoliths is 
called calcification and requires bicarbonate ions as substrate, while free C02 is the source of 
photosynthesis. Egge and Jacobsen (1997) demonstrated that the ratio between calcification 
and photosynthesis reaches maxima of 0.5 during blooms of Emiliania huxleyi, which 
emphasises the importance and scale of the calcification process. These authors also describe 
a method to measure calcification carbonate. 
Finally, the advent of increasingly sophisticated global satellite measurements of chlorophyll-
containing biomass in the upper ocean achieved with the Coastal Zone Color Scanner (CZCS) 
and most recently the improved Sea-Viewing Wide-Field-of-View Sensor (SeaWIFS) might 
enable a comparison to be made with the measurements in the present type of study, and help 
in the development of appropriate algorithms to calibrate these remotely sensed ocean color 
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7.1 Complete data repository o~ electronic copy (CD-ROM) 
The raw data is filed in three main directories: Southland Front, Dunedin beach and Southern 












Station B, etc. 
1997-98 
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Dunedin Beach 
1996 (chlorophyll a + macro-nutrients) 
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7.2 Difficulties with the CTD profiler 
In March and July 1997 no CTD data were collected due to technical difficulties with the 
Seabird-CTD-profiler. In November 1998, deep CTD-casts were only deployed at station A, 

















February and March 1999 the CTD was only deployed to 10m at all stations. These shallow 
casts are not shown graphically but the observed surface temperature and salinity values are 
mentioned in Section 3.1.1. ill, November 1996 the salinity profile was off-scale, i.e. below 
34.0 psu at stations X and A. It was unclear what had caused this artefact. 
7.3 Literature overview: Phytoplankton pigment analysis 
a) Sample preparation 
Either glass-fibre or membrane filters can be used to sample phytoplankton pigments. Glass-
fibre filters retain particles on their surface and throughout the internal spaces of the filter 
('depth' filter), ~hereas membrane filters retain particles larger than their pore size on the 
filter surface ('surface' filter). The advantage of glass-fibre filters is their large filtration 
capacity, fast filtration rates, inertness in organic solvents and lower cost than membrane 
filters. Their disadvantage is the broad size cut-off, which makes them unsuitable for 
sequential size-fractionation of phytoplankton. Membrane filters are available in a range of 
narrow pore sizes (0.01-10 J.tm) and can be used for size-fractionation. Their filtration 
capacity and rate of filtration is low and some types dissolve in pigment-extracting solvents, 
which makes them unsuitable in applications such as HPLC as they would block up the 
analytical columns. Most of the recent HPLC studies of pigment distributions in oceans and 
lakes have therefore used glass-fibre filters with a pore size of 0.7 J.tm (e.g. Suzuki eta!., 
1997; Roy eta!., 1996; Meyer-Harms and von Bodungen, 1997). These were found to recover 
>94% of the picoplankton (0.2-2 J.tm) (Jeffrey et a!., 1997). Filters are stored frozen until 
analysis, preferably at -80 °C (Burna et al., 1990), although many pigment analysts store their 
samples only at -20 oc purely for convenience. 
Acetone is the most commonly used solvent to extract the pigments from the filter papers. 
However ethanol, methanol, chlorofrom, dimethylformamide and dimethylsulfoxide have also 
been used for such extractions. While the extraction efficiency of some of these other solvents 
may be marginally higher than that of acetone, a number of them are toxic and require special 
handling. To enable solvents to penetrate into algal cells it is necessary to either soak, grind or 
sonicate the filter paper in the presence of the solvent. Grinding with a motor-driven teflon 
pestle is still widely used but can cause overheating of the solvent resulting pigment 
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centrifuge tube. Extraction by soaking alone is the easier method and is usually combined 
with sonication to disrupt the cells and release their pigment content. The samples are then 
left to extract at +4 °C, or eveq at -20 °C, for at least 12 hours. The extraction time should not 
exceed 24 hours to avoid pigment degradation and isomerisation (Jeffrey et al., 1997). 
To eliminate filter debris and non-soluble components, extracts are either centrifuged or 
filtered before they can be injected into a HPLC system. Due to the risk of sample tubes 
breaking during centrifugation, the preferred method used in the present study was filtration, 
preceded by vortexing to homogenise the sample. Ideally, Teflon (PTFE) filters with 0.45 )liD 
pore size should be used for the filtration (Suzuki et a~., 1997), but because of budget 
constraints in this work, Whatman GF/F filter paper (pore size 0.7 Jlm) was hand-cut to fit 
into re-usable 1 em Nalgene filter holders, which were then connected to a glass syringe. The 
sample was poured into the open syringe barrel and then pressed through the filter with the 
syrmge. 
b) Separation of pigments by HPLC 
High performance liquid chromatography methods have been developed over the last 15 years 
to determine phytoplankton chlorophylls, carotenoids and breakdown products. The most 
commonly used protocol separates over 50 different pigments with a ternary gradient system 
(Wright et al., 1991). In the present study, only two HPLC mobile-phase pumps were 
available and therefore a protocol with a binary gradient was chosen (Kohata et al., 1991). 
Although this had the disadvantage of not being able to resolve certain pairs of pigments, the 
main emphasis in this project was to investigate just the major diagnostic marker pigments in 
order to identify their respective algal groups. 
Taxonomic phytoplankton compositions based on HPLC pigment signatures have been 
compared with taxonomic identifications from electron microscope observations for samples 
from the North Atlantic and Pacific Oceans (Andersen et al., 1996). Both methods were found 
to be in good quantitative agreement for upper water-column samples to about 80 m depth but 
show discrepancies for deeper water samples. Both methods are also valid for phytoplankton 
in freshwater lakes (Schmid et al., 1998), where correlation coefficients of 0.90 and above . 
were determined. 
